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PREFACE 


'!^is book is intended for the use of students who are 
already acquainted with the more elementary parts of the 
subject. To connect up with elementary light, geometrical 
optics is dealt with first, and physica/l optics f oilers. There 
is, of course, little reason why this order should not be 
retersed for advanced students, although experience shows 
it is easier, at the outset, to consider rays of light rather 
than waves. As is pointed out in Chapter XIII, rays of 
light are only considered for convenience, it being im- 
possible to obtain" a ray of light. The later chapters 
therefore deal with light travelling in the form of waves. 
Yet certain difficulties arise to-day in the use of the wave 
theory, and mention is made of these to show that this 
theory cannot be accepted without reservations. These 
difficulties are overcome by use of the quantum theory, 
which is, for this reason, briefly explained. 

The usual sign convention has been adopted, and in the 
case of mirrors and lenses the incident light has been taken 
as proceeding from right to left, so that distances to the 
right of the mirror or lens are taken as positive, as in co- 
ordinate geometry. To aid the student in his own experi- 
ments brief notes are given on the simple methods of 
determining refractive indices and the constants of mirrors 
and lenses. The practical details of more advanced 
experiments of importance {e.g, Newton’s rings) are given 
in full. Wherever possible brief references are made to 
apj)lications of light in commerce. For further details the 
student should refer to more technical books. 

Throughout the book the treatment is systematic, and 
in all cases the full mathematical theory has been given 
together with the experimental details. 

Although designed for more general use, this book will 
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be found suitable for candidates preparing for the Higher 
School Certificate and the Intermediate Science examina- 
tions. The syllabuses for these are adequately covered, 
and the book further proceeds as far as University Scholar- 
ship standard. A large number of examples has been 
included, the majority having been set in recent public 
examinations. Tor permission to include these questions 
I am indebted to the Cambridge University Press, the 
London University Examination Board, the Northern 
Universities Joint Matriculation Board, the Oxford and 
Cambridge Schools Examination Board, and the Oxford 
University Press. 

My thanks are due to Mr H. Cottam, B.Sc., for advice on 
certain points, and to Mr A. E. M. Bayliss, M.A., for assist- 
ance while reading the proofs. I am very grateful to 
Mr E. Evans, B.So., for the considerable help he has given, 
both in the preparation of the text and the examination 
of the proofs. Finally, I must acknowledge the assistance 
of the Electric Lamp Manufacturers Association on the 
subject of illumination. 

L. R. M. 

PREFACE TO THE SECOND EDITION 

Iir this edition the whole of the sections relating to spherical 
mirrors and lenses has been rewritten so that a complete 
study of the subject may be made on any one of the three 
best-known sign conventions. It is only necessary for a 
student to use one convention, and the text is arranged in 
such a manner that it is quite easy to follow out the 
equations deduced for the convention chosen. Although 
the matter in connection with the other conventions 
should be disregarded at first, yet advanced students may 
profitably compare the merits of the three conventions. 

Certain minor additions have also been made to the text, 
notably a reference to the new polarising material named 
Polaroid. 


July 1937. 


L. R. M. 
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CHAPTER I 

BEOTILIFEAR PROPAGATION : PHOTOMETRY 

The subject of light may be conveniently divided into two 
parts — geometrical optics and physical optics. The former 
deals with certain of the simpler effects of light and with 
results obtained geometrically from the experimental fact 
that light travels in straight lines. Physical optics is 
concerned with the actual nature of light, and accounts 
for the departure from rectilinear propagation. 

The fact that light travels in straight lines is a matter 
of everyday experience. It is impossible, in general, for 
light to travel round corners. The beam of light oast by 
the headlights of a car is bounded by straight lines, while 
any point on the edge of the shadow of an obstacle thrown 
by a source of light is always in a straight line with the 
obstacle and the source. It may thus be assumed as a 
fundamental fact that the propagation of light is rectilinear. 

Assuming this, we may define a ray of light as any 
straight line in the direction in which the light travels, 
a beam of light as a bundle of rays, and a pencil of light 
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as an extremely narrow beam. A beam of light may be 
convergent, parallel or divergent. In a convergent beam 
the rays are ajDproaching each other and moving towards 
a point ; in a parallel beam the rays are all parallel ; while 
in a divergent beam the rays become more separated as 
the beam travels along. 

The Pin-hole Camera , — This instrument depends on the 
rectilinear propagation of light. If a luminous object is 

1 1 
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placed on one side of an opaque screen containing a small 
pin-hole, and a white screen is on the other side, then an 
inverted image of the object is formed on the latter. The 
image is always sharp and clear, irrespective of the distances 
between object and pin-hole, or pin-hole and screen. The 
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reason for this is that every point on the object sends out 
rays of light, of which only a few pass through the pin-hole 
and reach the screen. Thus an image of every point of 
the object is formed on the screen in the manner indicated. 
Tf the hole is enlarged the effect is the same as having a 
number of pin-holes close together. An image is formed 
by rays passing through each pin-hole, and the images 
overlapping cause the resultant image to be blurred. If 
a photographic plate is substituted for the screen a photo- 
graph of the object can be obtained. It will be noticed, 
however, that a small pin-hole is necessary in order for 
a sharp image to be formed, and with a small pin-hole 
the image is faint, necessitating a very long exposure. 
The pin-hole camera thus has the advantage that no 
focussing is required, but the serious disadvantage that a 
long exposure is necessary. 

Shadows , — The shadow of an object thrown by a point 
source of light has always a sharp boundary. This is an 
experimental fact which leads to the conclusion that light 



travels in straight lines. If the source of light is an 
extended one, a shadow is thrown by every point of the 
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source and the shadows partly overlap. Let AB and CD 
represent the source of light and the obstacle respectively, 
both being spherical. If we draw lines AC and BD from 
the extremities of AB and just touching CD, these lines 
meet at E, so that within the cone CDE there is complete 
darkness. This cone is known as the shadow cone of CD 
thrown by AB, and if a screen PQ is placed between CD 
and E this shadow will cause a central dark spot, B-S. 
Surrounding this will be a ring of shadow XY, which will 
get lighter the further from BS. This ring is partly 
illuminated by AB, the illumination depending on the 
distance from BS. At X and Y the whole of AB is visible, 
so that for parts of the screen surrounding XY there is 
no shadow. The whole shadow is thus made up of a black 
spot BS, which is called the umbrae surrounded by the ring 
of increasing brightness XY, which is called the penumbra. 
It must be noticed that there is no sharp boundary between 
the umbra and penumbra, since the darkness merely 
decreases in intensity as we pass from BS outwards. 

The application to eclipses may easily be seen. If the 
sun is represented by AB and the moon by CD, a shadow 
cone is cast as in the diagram. If the earth passes through 
this cone CDE there is a total eclipse of the sun for all 
■parts within the cone, while for all parts within the pen- 
umbra there is a partial eclipse. 

Photometey 

Photometers are instruments for measuring the relative 
illuminating powers of sources of light. Photometry is 
thus the science of comparing and measuring the powers 
of illuminants, and of finding the intensities of illumination 
of surfaces. Before considering the different types of 
photometers it is necessary for us to know the exact 
meaning of the term illuminating power and also to 
examine the standards of illumination. 

Consider a sphere of unit radius described round a point 
source as centre. Each unit area of the surface of the 
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sphere will receive the same quantity of light in the same 
time. The quantity falling on unit area in unit time is 
termed the illuminating power of the source. The defini- 
tion of the term illuminating power 
N. is thus the quantity (or energy) of 
\ light which in unit time falls nor- 
S mally on unit area at unit distance. 

j It is obvious that the quantity of 
/ light falling on unit area depends on 
the distance from the source. This 
Eia. 4. leads to the term intensity ofillumina^’ 

tion of a surface, this being defined as the quantity or 
energy of light which falls on unit area in unit time. 

The Inverse Square Law . — Consider a point source 
S of illuminating power I at the centra 
of two spheres which have radii r^ and rg. / ^ \ 

By the definition of illuminating power [ ( ] 

the total quantity of light emitted must y 
be 47rl since the area of surface of a unit 
sphere is Am. The intensity of illumination fiq. 5. 
of the surface of the inner sphere is therefore 


If the inner sphere is removed all the light falls on the 

47rl 

other sphere, the intensity of illumination being '( =^2). 


Hence 


or the intensity of illumination is inversely proportional to 
the square of the distance from the source. 

Also we have 

T , ., p.n . Illuminating power . _ I 

Intensity of illumination = since E, =~. 

(Bistance)^ ^ 

If the light does not fall normally on the surface the in- 
tensity of illumination is reduced. Suppose the surface XY 
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lias an area A, and suppose the normal to the surface 
makes an angle 6 with the direction of the incident 
light. All the light falling on the surface passes through 
an area XZ which Y 

is normal to the cen- f 

tral ray of light. Now IV: 

the area of XZ is 

A cos 6, The quantity \1 

of light falling on this \l 

. ^ _ lA cos 6 ^ X 

area is thus 0 ^ 

Since the whole of this light illuminates the surface XY 
which has area A, the intensity of illumination of XY is 

- Thus, as the obliquity increases, cos <9 decreases, 

and the intensity of illumination gets smaller and smaller 

in proportion. Hence, in general, F = - . 

In comparing illuminating powers the intensities of 
illumination produced by the sources are made equal, the 
obliquity of the screen or area being the same to each 
source. Then 

Ii cos d cos 6 


Standards of Illumination . — The unit of illuminating 
power is the illuminating power of a standard candle, 
which is a sperm candle burning 120 grains of wax per 
hour. Illuminating power is thus expressed in candle- 
power. This standard is a most unsatisfactory one, and 
several other standards have been suggested, as follows : — 

( 1 ) The pentane lamp, 10 candle-power, designed by 
Vernon Harcourt, and used chiefly in this country. 

(2) The amyl- acetate lamp, 0*9 candle-power, designed 
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by Hefner, and used as the unit in Germany. This is a 
very simple standard, but has disadvantages in that the 
flame has a reddish tint and that the illuminating power 
is somewhat low. 

(3) The platinum standard, suggested by Violle, this 
being the light emitted normally by one square centimetre 
of platinum at its melting point. The manipulation re- 
quired in using this standard renders it almost useless for 
most practical purposes. 

(4) A special form of incandescent electric lamp suggested 
by Pleming as a secondary standard. The voltage must 
be kept constant and, subject to this condition, the light 
emitted is constant. After some use, however, the filament 
changes slightly and the glass blackens, altering the 
illuminating power of the lamp. 

\/ Photometers , — It must be remembered that the inverse 
square law holds only for point sources, so that the distance 
between the source and the photometer must be large 
compared with the length or width of the source. As a 
general rule photometers depend on the adjustment of 
two similar surfaces to equal brightness, the surfaces being 
seen by the eye simultaneously or successively. One of the 
difficulties in photometry is that the apparent brightness 
of the source depends on its colour, thus making it difficult 
to compare lights of diflerent tint. 

(1) The Bumford Photometer , — Shadows of a rod R, 
mounted vertically, are thrown on a screen by the two 
sources of light. Si, Sg. The distances of the sources from 



the screen are adjusted until the shadows appear equally 
dark. The rod is also moved so that the shadows are just 
made to touch, comparison of the darkness of the shadows 
then being much easier. The distance of R from the 



PHOTOMETBY 


7 


screen should not affect the accuracy of the experiment, 
but if the lights are not point sources the edges of the 
shadows will not be sharp,, unless the rod is near to the 
screen and some distance away. 

Now the part AB of the screen is' illuminated only by 
Sg, while BC is illuminated only by S^. Since the shadows 
are equally dark the intensities of illumination at B due to 
each source are equal, so that if and I2 denote the 
illuminating powers of Sj and S2, 

^ I, 

SiB2 S^B^* 

1/^ [ 2 ) The Bunsen Photometer . — ^In its simplest form this 
photometer consists of a piece of white paper with a grease 
spot near its centre. The paper scatters most of the light 
falling on it, but grease renders paper translucent so that 
some of the light falling on the grease spot is transmitted - 
If the intensities of illumination on the two sides of the 
paper are equal then equal quantities of light are trans- 
mitted by the grease spot in each direction, and consequently 
the spot is indistinguishable from the surrounding paper. 
Thus in comparing two light sources the paper containing 
the grease spot is mounted between the lights and moTed 
until the spot seems to disappear. In practice it is found 
that the grease spot does not disappear at the same position 
when viewed from one side of the paper as from the other. 
This is due to the loss of Hght by scattering at the surface 
of the paper surrounding the grease spot. The effect is 
still more noticeable if the sources of light differ in colour. 
It is thus advisable to view the two sides of the paper at 



Fig. 8. 

the same time and to adjust the position so that the appear- 
ance of each side is similar. In order to do this two 
plane mirrors, MB, NR, are placed at equal angles to the 
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plane of tlie paper, and both images are examined together. 
After taking a reading the positions of the lights should 
be interchanged and a further reading taken. This 
eliminates any error which may be caused by stray light 
falling on one side of the paper. 

(3) The Wedge Photometer , — A wedge, the sides of which 
are covered with diffusing paper, is placed between the 
two sources of light S^, Sg so that the faces make equal 
angles with the line S 1 S 2 . The light diffused from each 
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face is observed in a direction perpendicular to and 

the position of the wedge is such that each face appears 
equally bright. The illuminating powers of the sources are 
thus proportional to the squares of the respective distances 
from the edge of the wedge. It is advisable to view the 
faces of the wedge through a cardboard tube blackened on 
the inside, and to adjust the position of one of the sources 
until it is impossible to distinguish the edge between the 
faces of the wedge. 

y (4) The Joly Photometer , — ^A sheet of tinfoil, T, is placed 
between two equal blocks of clear paraffin wax, A and B. 
The lights to be compared are placed on opposite sides 

of the photometer, the position of 

which is adjusted until each block 
^ ^ appears equally bright when observed 

II - in a direction at right angles to SiSg. 

T Big. 10. The light from each source is 
scattered inside the respective blocks, and when the inten- 
sities are equal the illuminating powers of the sources 
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are proportional to the squares of their distances from 
the respective faces of the photometer. The paraffin wax 
blocks may be replaced by ground glass slabs, the 
being exactly the same. 

/ (5) The Lummer-Brodhun Photometer . — This photometer 
“^consists of a diffusing screen, D, usually a slab of magnesium 
carbonate, placed between the sources and at right angles 



to the line joining them. Some of the diffused light falls 
on two prisms, A and B, which are arranged to reflect the 
light into a double prism- as shown. This consists of two 
right-angled prisms, E and C, the hypotenuse of E being 
plane, while that of C is curved. The two prisms are 
placed together, and are in contact over a small central 
area only. Thus, of the light reaching C from the source 
Si, the central part is transmitted into E while the outer 
parts are reflected at the hypotenuse. In a similar manner 
light falling on the outer parts of the hypotenuse of E is 
reflected, while that falling on the central part is trans- 
mitted through prism C. 

Thus the field of view of the eyepiece consists of a central 
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part illuminated by^light from Si surrounded by portions 
which are illuminated by light from 82* One of the sources 
is moved towards or away from D until the whole field 

I I 

of view appears equally bright. Then where 

Ii, I2 represent the illuminating powers of Si and Sg 
respectively. In order to eliminate any effects due to 
difierences in the surfaces of the screen the sources are 
interchanged and a further reading taken. It will be 
noticed that there is considerable resemblance between 
this photometer and Bunsen’s grease spot photometer, 
although the latter is not nearly so accurate. The Lummer- 
Brodhun is, in fact, probably the most accurate of all 
photometers, provided the lights are of the same colour. 

(6) The Flicker Photometer . — A grave disadvantage of all 
the photometers considered so far is the lack of accuracy 
which occurs when' the sources are of different colour. In 
the flicker photometer this difficulty does not arise, since 
here two screens — illuminated by the two sources re- 
spectively — are viewed in rapid succession so that the 
colours merge. This photometer is very simple in con- 
struction, consisting of two screens, A and B, one of these 
being fixed, the other one. A, being in the form of a 
circle divided into eight equal sectors, of which alternate 
ones are removed. This screen is capable of rapid rotation, 
by means of an electric motor, about an axis through its 



centre. A and B are arranged so that they make equal 
angles, usually 30 °, with the line joining and 83. They 
also overlap slightly, so that when viewed through a tube 
at right angles to equal areas of each screen are seen 
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in tnrn and a flickering sensation is produced. When the 
intensities of illumination are equal the sensation of 
flickering disappears entirely. The illuminating powers 
are then proportional to the squares of the distances of the 
sources from the parts of the screens seen through the 
observation tube. 

If the colours of the sources are different the colours 
merge, but the flickering still appears until the intensities 
are made equal. 

t/Units oj llVwminating Fewer and Intensity of Illumination. 
— The unit of illuminating power is the lumen^ which is the 
light energy falling per second on unit area at unit distance 
from a standard candle. 

The intensity of illumination at a distance of one metre 
from a standard candle is termed one metre-candle or one 

_ illuminating power 

lux. Since intensity of illumination = -r:^ , 

(distance)^ ' 

1 lux = 1 lumen per square metre. 

At a distance of one centimetre from a standard candle 
the intensity of illumination is 10,000 lux, or 1 lumen per 
square centimetre, and is termed the phot. 

On the F.P.S. scale the unit is the foot-candle. A 
standard candle produces an intensity of illumination of 
one foot-candle on a screen at a distance of one foot. 

Other units used are the mean horizontal candle-power 
and the mean spherical candle-power. Sources of light 
do not give out light equally in all directions, so that if a 
photometric measurement of the candle-power of a lamp 
in a certain direction is made, this result may be quite 
different from the candle-power found in another direction. 
The average value for the candle-power found at points in 
a horizontal plane is therefore obtained, the axis of the 
lamp being vertical. The illuminating power of the lamp 
is then called the mean horizontal candle-power (m.h.c.p.). 
This unit is not always satisfactory, since in some cases 
—such as street lighting — ^the lamp is required to emit 
light in directions below the horizontal plane through the 
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lamp. A more general unit in which to express the 
illuminating power of a lamp without reference to any 
special direction is thus desirable. This unit is the mean 
spherical candle-power (m.s.c.p.), and is the measure of the 
total light output of a lamp. It may be measured by 
determining the candle-powers in a numl)er of equally 
distributed directions from the source and taking the 
average value. If a point source of unit candle-power is 
at the centre of a sphere of unit radius, the surface area 
of the sphere is 4-77, so that by the definition of the lumen 
the total illumination of the source can be expressed as 
47r lumens. Consequently the total illumination of a lamp, 
measured in lumens, equals the mean spherical candle- 
power multiplied by 477. 

Experiments in Photometry , — ^An interesting experiment 
is to find how the efficiency of an electric lamp varies 
with the wattage applied to it. A “standard’’ electric 
lamp is set up at a fixed distance from the photometer, 
the lamp under test being placed on the oi)po8ite side. 
The current and voltage applied to the test lamp are read 
ofi and the distance from the photometer measured when 
the intensities at the photometer are equal. The illuminat- 
ing power of the test lamp is then found in terms of that 
of the standard, so that if d and B are the respective 
distances 

I^_^ 

Io“"D^ 

where Iq refers to the standard. 

The efficiency is expressed in terms of candle-power per 
watt, and so a measure of the efficiency E may be obtained 
by dividing I/Iq by the wattage W. Further readings are 
taken for different values of the wattage. ISTow the relation 
between E and W is E=Z3W® approximately, where k and 
X are constants. This formula leads to 

logio E =logio k-hx logio W. 

If a graph of logioE against log^o W is drawn (fig. 13), the 
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slope gives the value of x. So it is possible to find on 
what power of the wattage the efficiency of a lamp depends. 

Another useful ex- 
periment is to find the 
percentage of light 
transmitted by a glass 
plate. If the ' flicker 
photometer is used a 
comparison of the in- 
tensities of the light * 

transmitted by plates Fig. 13. 

of diflerent colour may be made. This fraction of the 
light transmitted is sometimes called the transmission 
factor of the plate. 

The photometer is set up as usual between any two 
sources, and is adjusted so that the intensities of illumina- 
tion are equal. The plate is placed between one source 
and the photometer. This necessitates this source being 
moved nearer to the photometer to regain equal intensities. 
If the initial distance of the source from the photometer 
is X and the fllnal distance is y, then the initial intensity 
of illumination is I/x^ where I is the illuminating power, 
while the final intensity is These are equal since 

the other source remains at a fixed distance from the 
photometer. Hence the percentage of light transmitted 

yZ 

= 100 j 2 ? = 100~, where ^ is the fraction of the light trans- 


mitted by the glass plate. 

Applications of Photometry . — The subject of photometry 
is rapidly becoming of greater importance since it is now 
realised that the efficiency of persons working in artificial 
light depends considerably on the intensity of illumination. 
Tor general purposes such as reading or writing an intensity 
of illumination of about 4 foot-candles is required, but 
for more delicate work it is necessary to have an intensity 
of about 12 foot-candles. Since the illumination of a 
small area is frequently required, portable photometers 
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liave been constructed and these are so calibrated that the 
illumination can be read off directly in foot-candles. These 
instruments may either be of the grease -spot type in which 
the illuminations on each side of a translucent scz'een are 
made equal, or be of a type employing photo-electric cells. 
In the former an electric bulb is joined to a variable 
resistance, battery and voltmeter, and when using this 
instrument the resistance is adjusted so that a standard 
voltage is registered. The bulb illuminates a series of 
circular translucent screens which are in a line going away 
from the bulb. The illumination thus varies, being greatest 
on the screen nearest the bulb and gradually diminishing 
to the screen farthest away. When this photometer is 
placed on any plane where the illumination is required, the 
screens near the bulb generally appear bright, while those 
farther away appear dark. One of the screens between 
appears neither light nor dark since the illumination due 
to the bulb here is just balanced by the illumination at 
that place. At each of the screens the intensity of illumina- 
tion due to the bulb is marked in foot-candles, and so the 
illumination at any place in a room may be read off. 

In the other type use is made of the photo-electric effect. 
When a metal plate is illuminated it is found to emit 
electrons, and by measuring the electronic current it is 
possible to obtain a measure of the illumination. For 
most metals the photo-electric effect is produced by ultra- 
violet rays, but the alkali metals, which exhibit this effect 
to a much greater extent than other metals, respond to 
all visible wave-lengths, and so are suitable for use in 
photometry. This type of photometer thus consists of a 
searching unit containing a photo-electric cell, which is 
joined to a micro -ammeter. This micro-ammeter is 
calibrated in foot-candles so that as the searching unit* is 
moved from place to place the illumination is read off 
directly. 

A modification of this photo-electric photometer has 
been employed for measuring the optical densities of 
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pliotograplis of spectra. A beam of light is split up so 
that part travels to a photo-electric cell through the 
photographic plate (the negative), and the other part 
travels to the cell ma an optical wedge. By means of a 
shutter only one beam is allowed to fall on the photo- 
electric cell at a time. The thickness of the wedge in the 
path of the light is so adjusted that each beam has the 
same effect on the photo-electric cell, and there is no change 
in the current produced when the shutter is moved so that 
first the one and then the other beam falls on the cell. So 
the optical density of that portion of the photograph of 
the spectrum equals the optical density of the wedge at 
the point through which the light passes. 

There are many other instances of the use of photo- 
electric cells in connection with photometry. Such cells 
are employed to work a relay and to switch on a lamp as 
soon as the general illumination falls below a certain value. 
The photo-electric cell is not itself exposed to the lamp, 
and as soon as the general illumination of the cell reaches 
the required standard the lamp is switched out by the 
relay. In talking fiOLms and also in certain gramophone 
records containing perforations, the variations in the light 
intensity falling on a photo-electric cell have been employed 
in order to reproduce sound. 

The Colorimeter is another photometric instrument, and 
is employed for determining the amount of a given sub- 
stance in a solution. A beam of light passes through a 
circular aperture and is then divided into two beams. 
The two liquids — the standard and the one under test — 
are contained in tubes, and one beam passes through the 
first liquid and the other through the second liquid. In 
travelling through these liquids absorption takes place, 
this absorption depending on the concentration of the 
liquid and on the length of path through the liquid. The 
beams are brought together by means of prisms, and are 
viewed through a microscope. The length of path through 
one of the liquids is then adjusted until the two beams are 
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equally bright and the image seen in the microscope is 
uniformly illuminated. The relationship between the con- 
centration (c) and the length of path through the liquid ( 1 ) 
is 

1 

COCp 


so that the concentration of the liquid under examination 
is easily obtained. 


EXAMPLES ON CHAPTER I 

1. Explain fully how you would use Rumford’s shadow photo- 
meter for comparing the illuminating powers of two sources of light. 
Why is it that this experiment need not be performed in a dark 
room? 

2. Define the terms illuminating power, intensity of illumination 
and lumen. Explain how you could verify the inverse square law 
by use of Bunsen’s photometer. 

3. A grease spot photometer is placed midway between two lamps 
of equal illuminating powers. When a sheet of glass is placed 
between the screen and one lamp, it is found that the other lamp 
must be moved away by 20 cm. in order to restore a balance. An 
exactly similar sheet of glass is now added to the first sheet. How 
much farther must the lamp be moved for a balance if the initial 
distance between the lamps is 120 cm, ? Bind also the fraction of 
the light transmitted by one of the sheets of glass. 

4. Define foot-candle and explain what is meant by the candle- 
power of a source of light. 

Two lamps are situated 60 cm. and 70 cm. respectively from a 
flicker photometer when the sensation of flicker disappears. A 
sheet of red glass is plaoed-^between the photometer and the second 
lamp which now has to be moved 40 cm. nearer for a balance to be 
obtained. Eind the percentage of the light absorbed by the rod 
lass. 

5. The intensity of illumination of a screen, illuminated by a 
lamp 6 feet away, is 10 foot-candles. Calculate the intensities as 
the screen is rotated through (a) 30®, (6) 60®, and find in each case 
how much nearer the lamp should be brought in order to maintain 
a constant intensity of illumination. 
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6 . An electric lamp of candle-power 40 is placed at the focus of 
a convex lens which, has a focal length of 5 cm. What is the in- 
tensity of illumination of a screen on which the parallel beam of 
light falls ? 

7. A screen is illuminated by a lamp which is 60 cm. away. A 
sheet of glass is placed between the screen and the lamp which has 
to be moved 6 cm. nearer to maintain the same intensity of illumina- 
tion as before. What fraction of the light is absorbed by the sheet 
of glass ? 

8. A point source of light is 50 cm. from a screen, and is arranged 
to be at the focus of a concave mirror which reflects light on to the 
screen. The focal length of the mirror is 6 cm. Compare the in- 
tensities of illumination of the screen when the mirror is present 
and when the mirror is removed. 

9. Describe the apparatus with which you would compare the 

candle-powers of two sources of light. Explain how you would use 
it to test the statement that a given glass plate transmits only 
40 per cent, of the incident light. (bond. Inter.) 

10. Describe the shadow and one other form of photometer, 
explaining how th© observations are used in getting the final 
results. 

A paper screen has a thin rod 20 cm. in front of it. Beyond the 
red, 120 and 180 cm. respectively from th© screen, are two sources 
of light, which produce on th© screen shadows of th© rod of equal 
intensities. Calculate th© ratios of th© widths of th© shadows and 
also th© candle-powers of th© lights. (Lond. Inter.) 

11. Describe a method of comparing the intensities of light from 
two sources, and explain how to find th© variations of the intensity 
of an electric light due to changes in the current. (bond. Inter.) 

12. Describe a method of comparing the illuminating powers of 
two sources of light, and discuss its limitations. 

It is found that th© illumination produced by a source A on a 
photometer screen is balanced by a source B at a distance of 60 cm. 
from the screen. A piece of smoked glass is placed in front of A, 
and in order to produce a match B has to be moved 15 cm. farther 
away. Calculate th© fraction of light transmitted by th© glass. 

(O, & C.j 

13. Explain the meaning of th© terms : mean spherical candle- 
power, lumen, foot-candle. 

Describe a modern form of photometer, showing how it is an 
improvement on a simple Bunsen or Kumford photometer. 

How would you determine th© fraction of th© incident light 
transmitted by a sheet of glass ? (H.) 


2 
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14. Describe how you would compare the candle-powers of two 
lamps, pointing out the precautions you would take to obtain as 
accurate a result as possible. 

A point source of 500 C.P. is suspended 20 ft. above a horizontal 
road. What is the intensity of the illumination (a) at a point P on 
the road vertically below the lamp, (6) at points on the road 30 ft. 
from P? In what units are your results expressed? (N.) 

15. Describe, with the necessary theory, an accurate method 

whereby the intensities of illumination of two sources of light may 
be compared. Suggest a form of apparatus suitable for comparing 
the reflecting powers of two plane mirrors. (0. <fe C.) 

16. Give an account of the theory and mode of action of an 
accurate form of photometer. 

How far is it possible to compare the intensities of two sources 
of light diflering in colour ? (0. & C.) 



CHAPTEE II 

REFLECTION AND REFRACTION AT PLANE SURFACES 

When light falls on any substance it may suffer 

(1) absorption, (2) transmission, (3) reflection. 

In many cases all these occur simultaneously to varying 
extents. A substance which transmits none of the light 
is termed opaq[ue, while one which transmits the light may 
be either transparent or translucent. In the former case 
an object can be seen distinctly through the medium 
(e.^. clear glass), while in the latter only an indistinct 
image is observed {e.g. ground glass or fog). 

Reflection , — Eeflection at a surface may be either regular 
or irregular. All substances, except dead black ones, 
scatter the light which falls on them, and thus appear 
visible. Regular reflection occurs only at smooth or 
polished surfaces. The laws relating to regular reflection 
at plane surfaces will now be considered. 

The ray of light falling on the polished surface is known 
as the incident ray, the point where the incident ray meets 
the mirror or reflecting surface as the point of incidence, 
and the ray leaving the mirror as the reflected ray. The 
perpendicular to the mirror at the point of incidence is 
called the normal, and. the angles made by this line with 
the incident and reflected rays are the angles of incidence 
and reflection respectively. Then the two laws of reflection 
are: 

(1) The angle of incidence equals the angle of reflection. 

(2) The incident ray, the normal at the point of incidence 
and the reflected ray are all in the same plane. 

They may be verified as follows : — 

Place the mirror on edge on a sheet of paper fixed to a 
drawing board and draw a line MN on the paper along 

19 
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the edge of the reflecting surface. Draw any other line 
AB making an angle ABM with the mirror. View the 
reflection of AB in the mirror and place a straight edge 


Incident ^ 

^'\Reflected 

Raij 

Angie of 

Angle 

Incidence 

Reflection 


c \ 


on the paper so that it ap- 
pears in line with the image 
of AB. Remove the mirror, 
mark the position of the 
straight edge PB, and draw 
the normal BC at B. Then 
AB is the incident ray, BC 
is the normal and BP is the 


reflected ray. |These are all in the plane of the paper, 
thus verifying the second law. Also the angles ABC and 
PBC will be found to he equal by measurement, and if the 


experiment is repeated for varying angles of incidence it is 
always found that these angles are equal to the correspond- 
ing angles of reflection. The experiment may be carried 
out more rapidly if an electric lamp is used and two 
narrow slits are placed in front of it. This produces a 
pencil of light, and the incident and reflected pencils can 
be seen easily. 


JPosition of the Image formed by Beflection at a Plane 
Mirror . — Let MN be the mirror, P a point object in front 



Fig. 15. 


of it, and PA, PB be any two rays to the mirror. The 
corresponding reflected rays are AC and BD, and these 
appear to diverge from a point I behind the mirror. The 
point I is called the image of P. Join I to P, cutting 
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MIST at F. Drawing normals AX and BY to the mirror, 

we have PAX^CAX and PifeY^D^Y, 

whence P1F=CAM and PBA = PSM. 

But CAM = IAP and DBM = I6A, 

PAF=IAP and PBA=IBA. 

Then the triangles PAB and lAB must be equal since 
P6A = i 6A, AB is common, and PAB~IAB (supplements 
of equal angles). Consequently PA = AI. Then in the 
triangles PAF and lAF we have PAF = IAF, AF is common, 
and PA = AI, so that these triangles are congruent. Hence 
PF = FI and PFA = IFA, but since these angles are adjacent, 
each equals 1 right angle. Thus the line joining object to 
image is bisected at right angles by the mirror. 

Meal and Virtual Images, — In the case just considered 
the reflected rays appeared to come from a point I behind 
the mirror, so that P appeared to be at this point. Hence 
the image of P is situated at I. Images are divided into 
two classes — ^real and virtual. An image is real when the 
rays of light actually pass through the place where the 
image is, and virtual when the rays only appear to pass 
through that place. Thus a real image may be formed on 
a screen while a virtual one cannot. For plane mirrors 
the images are always behind the reflecting surfaces and 
are virtual. 

Use of the Princijple of Parallax to Determine the Position 
of Images. — The apparent motion of one object relative to 
another as the position of the eye is varied is termed 
parallax. Experience shows that the object more distant 
from the eye always appears to move in the same direction 
as the eye relative to the other object. If the two objects 
coincide in position there is, of course, no apparent relative 
motion, and consequently there is absence of parallax. 

A plane mirror is placed on edge, the reflecting surface 
being a straight line MN (fig. 16), and a pin P is placed 
in front of the mirror. A second pin Q is placed any 
distance behind the mirror, and the top of this pin, seen 
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over the mirror, and the image o£ P, seen by reflection, are 
observed. The eye is moved from side to side, and the 
:q position of Q changed until Q 



and the image appear in a 
straight line for all positions of 
the eye, i,e. there is no parallax 
between them. Then Q and 
the image of P must coincide in 


position, showing where the image is situated. Measure- 
ment shows that a line joining PQ is bisected at right 


angles by the line MN. 

Image of an Elongated Object, Lateral Inversion, — If an 
extended object PQ is used instead of a point source, each 


point on the object forms an image in accordance with the 
above result. Thus B is the image of P, S the image of Q, 



and Y of X, where PR, QS and XY are all bisected at 
right angles by the line MN. If the eye is situated at E 
it will be noticed that Q is on the right of the object, 
while S, the image of Q, appears on the left of the image 
RS. A similar case occurs if a piece of blotting paper, 
which has been used to blot some writing, is observed by 
reflection at a mirror. The writing can then be read 
directly. This reversal by reflection is known as lateral 
inversion. 

Rotation of a Plane Mirror , — ^When a mirror is rotated a 
beam of light reflected by the mirror is rotated also. Let 



BEFLEOTIOK AND BEFBACTION 


23 


PO denote a ray of light incident on a mirror MN, the 
reflected ray being OQ, and OC being the normal. If the 



C 

Fia. 18 . 


mirror is now rotated about O into the position XY, the 
reflected ray will travel along OR, and the normal will 
be OD. 

Then P0C = C0Q 

and P0D=D0R, 

p0c-p0d=c0q--d5r 

or D0C==R0Q-D0C 

or R0Q = 2D0C. 

But D0C = angle between normals =M0X. 

R0Q = 2M0X. 

Xow ROQ is the angle between the two reflected rays. 

Hence the reflected ray is rotated through twice the 
angle turned through by the mirror. This fact is made 
use of in the sextant, an instrument employed for measur- 
ing elevations. 

Multiple Reflections . — Consider two mirrors MO and XO 
(fig. 19) placed so that the angle between their reflecting 
surfaces is one right angle. Let P be any point object 
between the mirrors, being, in general, not on the bisector 
of the angle MON. 

An image of P is formed by reflection at mirror MO at 
a point Q, and another image of P is formed at R by 
reflection at mirror NO. Now Q is in front of NO (pro- 
duced), and an image of Q is formed at I. Also at the 
point I is the image of R formed by reflection at mirror MO. 
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are 

It can be seen that since PQ is bisected at right angles 



• JL’icf. ly. 

SmilKly OP-OR and 0(3 = 01 
““ »“£ 

MO at K image, I, cutting mirror 

5o, » a., z Iz^'fr.T ® V "i™" 

R to TC n y light passes in the direction from 

Here R is ^ K, cutting NO atT 

at NO so that^he^ * f- f^oj^med by reflection 

tL,= +in 7 ^ direction of the ray is from P to T 

altng Se path PLKE^ 

seen that «f n' diagram it can be easily 

the angle of reflectira ^^irthe^^^ incidence equals 

so that the final • ’ ■ i'i^® ®y® is changed 

HO miri; 

manner ^ -i^awn in a similar 

a tke ewmple jn.t c<.n.ide„d, tie angle between the 
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mirrors was 90°, and three images were formed. If the 
angle between the mirrors is 60^° there are five images, for 
an angle of 45° seven images and for 30° eleven images. 



In general if the mirrors are inclined at an angle the 

360 

number of images formed is — provided this is a whole 

6 

number. This is obtained by considering that the circle 


may be split up into — — equal sectors, each of which 

contains one image, except the sector between the mirrors 
where only the object is situated, and the sector behind 

both mirrors, which contains two images. If is an 

even number, the two final images overlap and the number 

of images is then 1. 

6 


Two Parallel Mirrors , — special case occurs when the 
mirrors are parallel with the reflecting surfaces facing each 
other. Here 6 = 0, and an infinite number of images is 
formed. These images all lie on a straight line passing 
through the object and cutting the mirrors at right angles. 
Then if and M 2 are the mirrors, I^ is the image of O by 
refiection at M^, is the image of Ij by refiection at Mg, 
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Ii2i the image of I12 hy reflection at and so on. Another 
set of images — 12, l2i> I212 — ^Iso obtained, considering 
the first reflection to be at Mg. The path of the rays from 



the object to the eye when the eye is viewing any image 
may be drawn as shown. 

In the case of a mirror, the back of which is silvered, a 
series of images is formed in the same manner. Some 
of the light is reflected at the front face, and some by the 
silvered surface. Internal reflections also occur, so that 
a series of parallel rays — R2> ^3 — emerge from the 



mirror. The intensities of the rays vary, Rg always being 
much the brightest since most of the incident light passes 
into the glass of the mirror and is reflected by the silvered 
surface. The next brightest is generally Bi, and since 
absorption takes place in the glass, the other rays—Rg, R^ 
• — have smaller and smaller intensities. 

The Kaleidoscope consists of two or three plane mirrors 
contained in a cylindrical tube and inclined to each other 
generally at 60^. The mirrors give rise to symmetrical 
reflections of any objects placed at one end of the tube, 
so that by altering the positions of the objects numerous 
patterns may be obtained. 
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BEFfeAOTION 

When a ray of light passes from one transparent snh- 
stance to another the direction of the ray in the second 
medium is generally not the 
same as in the first. This 
phenomenon is known as 
refraction, and the ray of 
light in the second medium 
is called the refracted ray. 

If a normal is drawn to the 
dividing surface at the 
point of incidence, then the 
angle between the normal 
and the incident ray is the 
angle of incidence, and the 
angle between the normal and the refracted ray is the 
angle of refraction. 

The laws of refraction are : 

(1) The incident ray, the normal and the refracted ray 
are aU in the same plane. 

(2) The sine of the angle* of incidence divided by the 
sine of the angle of refraction gives a constant, the yalue 
of which depends . on the two media through which the 
light passes. 

This second law was discovered by Snell in 1621 and 
consequently is often referred to as Snell's law. The 
ratio of the sine of the angle of incidence to the sine of 
the angle of refraction is called the refractive index of 
the second medium with regard to the first, and is denoted 
by the Greek letter /x. 

The refractive index of a substance is usually measured 
when the ray of light passes from air — or more strictly 
a vacuum — to that substance. 

These laws may be verified as follows: — 

Place a parallel-sided slab of glass on a sheet of paper 
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and draw tlie outline of the slab ABCD. Put in two pins, 
K and L, upright on one side of the slab and observe these 
pins through the glass. Then place two more pins, M and 
N, in the paper on the opposite side of the slab to K and 

L so that on looking in the 
direction NM through the 
slab the four pins appear in 
line. Remove the slab and 
draw lines to join the positions 
of K and L, and M and N. 
Let KL produced meet AB 
in E, and NM produced meet 
CD in F. Then the path of 
the ray through the glass slab must be along EF. At E 
draw- PQ normal to AB and measure the angles of in- 
cidence and refraction. 

Instead of using pins, a line KE can be drawn on the 
paper and a straight edge placed so that it appears in line 
with KE seen through the slab. The straight edge FN 
then shows the position of the emergent ray. 

If the experiment is repeated with different angles of 
incidence and the corresponding angles of refraction are 
measured, it is always found that sine K£P divided by 
sine FEQ gives the same result, thus verifying SnelFs law. 
Also KL, PQ and EF are all in the plane of the paper, so 
that the first law of refraction is also verified. It will also 
be noticed that the emergent ray MN is parallel to the 
incident ray KL, so that the direction of the ray is not 
changed by refraction through a medium the opposite 
faces of which are parallel. The perpendicular distance, d, 
between the directions of the incident ray and the emergent 
ray is called the lateral displacement. This distance is 
zero when the angle of incidence is zero, and has its maxi- 
mum value for the angle of incidence 90°. 

Suppose in the above diagram the angles of incidence 
and refraction are denoted by % and r respectively. Let 
denote the refractive index of glass with respect to 
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air, and denote the refractive Inctex ot air witJi respect 
to glass. 

sin i ^ ^ „ sm r 

Then aUg=-: — at the first refraction, and.- ai^-\'=^ ^ 

^ sinr 

the second refraction, since the angle of emergence equals 

the angle of incidence. Thus ±/iiQ= . 

qH'A 

The experiment may be performed more easily by using 
a pencil of light obtained from a lamp and slits. The path 
of the ray may then be seen directly, and if a normal is 
drawn the angles of incidence and refraction can be 
measured. 

JRef ruction through Several Media . — Suppose that a ray 
of light passes from air to a medium of refractive index 
then into a different med- 
ium of refractive index 
and Hnally emerges 
into air again. Let the 
angle of incidence be i 
and let a be the angle of 
refraction in the first med- 
ium. Then provided each 
substance has parallel 
sides, the angle of in- 
cidence from the first to the second medium will be equal 
to a. Let the angle of refraction in the second medium 
be The angle of emergence equals i. Then 



and 


sin i 
sin a 


_^sin a 


1 sin p 
/jl 2 sin i ‘ 


Also 



so 

Hence 
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/i ,2 sin i sin a 
//•i sin ^ ‘ sin i 
sin a 
sin p 

==l/^2* 

Thus the refractive index from a medium A to a medium 
B is the ratio of the refractive index of B to that of A. 

Bor example, if A is water with refractive index 4/3, and 
B is glass with refractive index 3/2, then the refractive 

3/2 

index of the glass with respect to water is or 9/8. 

In the above cases the refractive index of air has been 
taken as unity. This is not q[uite accurate since the 
fundamental standard is the refractive index of a vacuum. 
With respect to a vacuum, air has a refractive index of 
1*0003. Consequently if the refractive index of any 
substance with regard to air is yu, the true refractive index 
of that substance is 1*0003 yu. In general, the factor 1*0003 
makes such a small difference that it is neglected and the 
value of the refractive index taken with respect to air 
at the atmospheric pressure prevailing. 

Formation of an Image by Befraction , — Let O be a point 
object on the base of a slab of glass which has parallel sides. 



Then any ray OA from O will pass through the glass and be 
refracted out along AB. To the eye the object O appears 
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to be somewbere along tbe direction BA. Let BA pro- 
duced meet tbe vertical OD through O at tbe point C, and 
let MN be tbe normal through A. 

Then 

sin B Am sin ACD 
^ ^ sin O An sin AOB 


AD /AC 
AD/AO 


=AO/AC. 


Now if AOD is a small angle, AD is small and 
AC "DC’ 


This is often expressed as 

^ real depth 
^ apparent depth’ 

where DO is the depth or thickness of the slab and DC is the 
apparent thickness . Now the narrow pencil of light received 
by an eye vertically above O consists of rays which make 
small angles with the normals, and consequently to the eye 
in such a position the rays appear to diverge from C, so that 
0 is the virtual image of O. 

If the eye is not vertically above the object then the 



position of C changes. As AOD gradually increases, C 
moves along OD towards D, so that the apparent depth 
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gets less and less. TMs shows why a pool of water seems 
to be shallower the farther we are from it. The directions 
of the rays after refraction out of the slab touch a curve 
which is known as a caustic. This curve has a cusp at C 
(hg. 27), where C is the position of the image of O. This 
affords a simple method for the determination of (jl for such 
substances as glass. A pin is placed in contact with one face 
of a slab of the material and two more pins are placed on 
the opposite side of the slab so that the three pins appear 
to be in hne when the first pin is viewed through the slab. 
By joining the positions of the last two pins the direction 
of the refracted ray is found. Several more positions are 
taken, the first pin remaining undisturbed. Finally the 
slab is removed, the caustic curve drawn and the position 
of the image of the first pin obtained. From this the 
apparent thickness of the slab can be found, and since the 
real thickness may be measured, /z can be calculated. 

This method is not a very accurate one. A much better 
result is obtained by using a travelling microscope which 
may be raised or lowered vertically. The microscope is 
first focussed on a pencil mark made on a piece of paper. 
The slab of the refracting material is then placed over the 
paper and the microscope focussed on the mark as seen 
through the slab. Finally the microscope is focussed on 
the top surface of the slab — ^usually there is sufficient dust 
on this surface to focus on. Then the difference between 
the first and last readings of the microscope gives the real 
depth, while the difference between the second and third 
readings gives the apparent depth. 

Total Internal Reflection . — ^When a ray of light passes 
from one medium to an optically denser medium {c.g. air to 
glass) the ray is bent towards the normal. If the ray is 
reversed so that it passes into the rarer medium, then it is 
bent away from the normal. 

Thus if O is an object under water and AB is the boundary 
surface between the water and air, the paths of the rays 
from O are as shown by OCG. If a is the angle between 
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the normal and the ray in water while ^ is the correspond- 
ing angle for the ray in air, then 

/Lt sin a = sin 

As a increases, a value is reached for which 
/i, sin a = 1 or = 90°. 



This is indicated hy the ray ODB. 

No further increase in the value of fx sin a is possible 
since sin ^ can never be greater than unity. This limiting 
value is thus given by sina = l/jLt. For all angles greater 
than this there can be no refraction, and so the whole of the 
light is reflected as indicated by the ray OEF. This eflect 
is thus known as total internal reflection, and the value of a 
for which sin jS equals unity is called the critical angle. It 
will thus be observed that the critical angle has a value 
which depends on the refractive index, since critical angle 

= sin - 
XAt/ 

For crown glass the critical angle is approximately 42°, 
and for water its value is nearly 49°. For light passing 
from glass to water the ratio of the refractive indices is 9/8, 
so that the critical angle is sin “^(f) or nearly 63°. 

Simple instances of total internal reflection are as 
follows : — 

(1) Place an empty test-tube in a beaker of water which 
is illuminated from one side. The tube presents a silvery 

3 
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appearance since most of the light falling on it is reflected 
at the boundary between the glass of the tube and the air. 
On filling the tube with water the polished appearance 
vanishes, since the value for the critical angle is increased 
and very little of the light is reflected. 

(2) Shine a beam of light into one end of a glass rod 
which is bent in the form of an arc. The whole of the 
light emerges from the opposite end, none passing out 
through the sides of the glass rod. The reason for this is 
that the light meets the sides of the rod at angles greater 
than the critical angle, and so is all reflected. 

Totally Befiecting Prisms . — prism is defined as a body 
bounded by three planes intersecting in three parallel 
straight lines. The prism is a right-angled isosceles one 


- ‘ I when the angle between two 

of the planes is 90® and the 
angles between each of these 

Z - planes and the third plane 
are 45°. If a ray of light 

falls normally on the side 

AB of such a prism it passes 
through undeviated and 
strikes the hypotenuse face 
A 1/ at an angle of incidence 45°. 

Now if the prism is of glass, this angle is greater than the 
critical angle^ and the ray is totally reflected. The reflected 
fay passes out normally to BC, A 


so that the ray is deviated 
through 90° by the reflection. 

If the incident hght falls normally 
on the hypotenuse face then it B 
passes into the prism and is re- 
flected at the face AB and again 
at BC, so that the ray is turned 
through 180°. 



This prism may also be used to invert a beam of light. 
If an inverted image is formed by any apparatus {e.g. an 
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optical lantern), then the image can easily he made erect 
by passing the light through a prism in the manner indi- 
cated. The light is refracted at the face BC and meets 

B 



the hypotenuse face at an angle of incidence greater than 
the critical angle. Reflection occurs, and the light is then 
refracted out through AB so that no deviation has occurred, 
but inversion has taken place. 

A prism such as described is called a totally reflecting 
prism, although -when used as in the last example it may 
be called an erecting prism. It is often used in preference 
to a mirror when it is required to reflect a beam of light 
through 90° or 180?, since there is only a very small loss 
of intensity of light. 

JRefraction in Nature . — It has already been said that 
refraction occurs when light passes from one medium to 
another, the optical densities of the media being diflerent. 
In the case of gases, fairly small changes of temperature 
are sufficient to cause variations in the density, so that 
the refractive index varies and a noticeable deviation in 
a ray of light occurs. If an object is observed over the 
top of a Bunsen flame the image seen is not clearly defined. 
This is due to fluctuations in the temperature causing 
slight changes in the refractive index of the air in that 
neighbourhood, so that the directions of the rays reaching 
the eye vary. 

The density of the air decreases the more distant we are 
from the surface of the earth. A corresponding decrease 
in the refractive index of the air takes place at the same 
time, so that light from the sun (or stars) enters the eye 
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in a direction slightly different from that with which it 
left the snn. This effect is greater the less the elevation 
of the snn, and at sunrise or sunset light from the sun 
reaches the eye although at that time the sun is actually 
below the plane of the horizon. 

In the deserts the air nearest the sand is at the highest 
temperature, and at higher levels the air becomes gradually 
cooler. The refractive index of the air thus varies for 
different levels, having its minimum value near to the 
surface of the sand. Light from the sky passes into layers 
of air which become successively less dense, and total 
reflection may occur. To an observer who receives the 
rays, the sky appears below the surface of the sand. This 
produces the illusion that a pool of water is in the distance, 
the reflection occurring at the surface of the water. This 
phenomenon is known as a mirage. A similar effect, but 
with refractive indices in the reverse order, can sometimes 
be seen over the surface of the sea when an image of a ship 
appears inverted in the sky. 

Simple Methods for the Determination of Refractive 
Indices, — 1. Measurement of the Angles of Incidence and 
Refraction . — This method has already been described in the 
verification of Snell’s law. The sines of the angles of 
incidence and refraction are compared and the refractive 

index found from 

sxnr 

2. Measurement of the Real and Apparent Depth . — Any 
transparent material always appears to be less thick than 
it actually is when an object is viewed through it, and it 
T , real depth 

has been shown that u= ^ This method of 

apparent depth 

finding a value for /i. has already been explained in the case 
of solids, but it is equally easy to carry out for liquids. 
A small bright object O is placed at the bottom of a tank 
containing the liquid, and a second object — e.g. a knitting 
needle N — ^is supported above the surface of the liquid. 
When viewed from above, a reflection of the needle in the 
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surface of the liquid is seen, and this image I is made to 
coincide with the apparent position of the object O. Then 

In 


L 


I 

lo 

Fia. 32. 

the image of N is as far below the surface of the liquid as 
IST is above, i.e. NL=:LI. Hence NL equals the apparent 
depth, and the real depth, LO, is found by direct measure- 
ment, so that fji may be determined. Observations are 
made for different depths of the liquid and several readings 
for fjL taken. 

3. Displacement Method . — ^When a ray of light passes 
through a slab of glass the opposite sides of which are 
parallel, the direction of the ray is unchanged, but the ray 



itself is laterally displaced. This lateral displacement de- 
pends on the angle of incidence, and if both these quantities 
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are measured [m may be calculated. Let ABCB be the path 
of the ray, ABB being the original path before the glass 
slab PQBS is placed in position. The lateral displace- 
ment, d, eq[uals CB. If MBT and LG are the normals at 
B and C respectively, and ABE cuts LC in K, 


where 

But 

Hence 

From 

we have 


tZ=CF = CKsinCKP 

== CK sin i since CKF = A BM 
= (LC - LK) sin i 
= {t- LB cot i) sin i, 

i =LC== thickness of slab. 

LB =:]SrC =NB tan r = ^ tan r. 

_ / tan r\ . . 

d=t{ 1 - ; Sin 

\ tan %/ 

sin i 

fX,z=— — 

sin r 


, sin i 

tan r = 

V - sin® i 

and thus 


d = t{ 1 ~ 


cos ^ 

V - sm-" 


sin 


To carry out the experiment draw four or five lines parallel 
at a distance of five millimetres apart. The end one should 
be produced so that when the slab is placed on the paper 
this line extends on both sides of it. The slab is then 
turned so that the second line, viewed through the slab, 
appears to be in line with the continuation of the first one. 
To secure exact alignment pins may be placed vertically 
along the lines. The angle of incidence is then measured, 
and the experiment is repeated so that the third and 
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tlien the fourth and fifth lines appear, in turn, to be 
continuations of the first line. The lateral displacement 



is known in each case, so that a value for fju may be 
obtained. 

4. By Measurement of the Critical Angle, — The substance 
is taken in the form of a slab, and a pin is placed touching 
the slab and about one centimetre from one of the corners. 
The pin, A, is viewed through the adjacent side of the slab, 
and two more pins, B and C, are placed in to mark the 
direction of vision for which A just seems to disappear. 
The slab is outlined and then removed, and the path of the 
rays CBDA is drawn. Then the 
angle between DA and the nor- 
mal at A must be the critical 
angle since no ray from A entered 
the slab in the direction AD. A 
value for y. is then found from 

^ ^ where c is the critical c ^ I Em, 35. 

sin c 

angle. This method is unsuitable if c < 45°, for if c < 
45° then ADE > 45°, or A]£)E > c, and no ray such as DB 
emerges. 

This method may also be used for determination of the 
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refractive indices of liquids, provided the slab has a known 
refractive index. Instead of the pin A, a thin strip of 
paper previously dipped into the liquid is placed against 
the side of the slab and the position for which this strip 
seems to vanish is marked. As before, the critical angle, <j>, 
is measured. This is the critical angle between the liquid 
and the material of the slab since there is a thin layer of 
liquid between the strip of paper and the slab. Denoting 
the refractive index of the liquid by jjxx. of the material 
of the slab by both with respect to air, the refractive 
index of the slab with respect to the liquid being then 


or 


aPq 


lF-g — ■ 




^ow LfC(3.= 


sin ^ 


and is thus known. Since aMg is also 


known, or may be found, a value for niay be obtained. 

6. By Aid of a Concave Mirror . — ^A concave mirror is 
placed on the table and an object (a pin or an illuminated 
aperture) is held above this until the object and image 

coincide. The distance of the 
object from the mirror is then 
measured (PC). A little of the 
liquid whose refractive index 
is required is then placed in 
the mirror so that it forms 
a plano-convex lens. Again 
coincidence of object and 
image is obtained, the reflec- 
tion again taking place at the 
mirror. The distance of the 
object from the mirror is once 
more measured (PO). 

PC 
PO* 



Then for the liquid, yu = 
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Taking i and r as the angles of incidence and refraction 
at the boundary between air and liquid, it is seen that 
A0P=^ and A6P=r. 

Hence 

sin i AD /AO _ AC 
^ "" sinr "" AD/AC “AO’ 

which for small angles of incidence and refraction (as 
obtained in practice) becomes or 

Refractive Index of Crystals . — ^It is sometimes important 
in the study of crystallography to know the refractive 
index of a crystal. This may be determined very simply 
in the case of colourless crystals. If such a crystal is 
placed in a colourless liquid of the same refractive index its 
boundaries disappear owing to the refractive index through- 
out being constant. By employing a series of liquids of 
different refractive indices it is thus possible to find the 
refractive index of a crystal between quite narrow limits. 
These limits between which the refractive index lies can 
be made much closer by employing the fact that the 
refractive index of a liquid depends on its temperature and 
on the wave-length of the light. By varying these factors 
several readings can be made and an accurate value for 
the refractive index of the crystal obtained. 


EXAMPLES ON CHAPTER II 

1. ABCD is a rhombus, the angle ABC being 60®. AB, BC are 

plan© mirrors, and a small object is placed at the middle point 
of CD. Show by means of diagrams the paths of the rays by which 
the various images of the object are seen by an eye placed at the 
middle point of DA. (Camb. Schol.) 

2. A point object is placed between two plan© mirrors which are 
inclined to each other at 72®. Draw a diagram to show the positions 
of the images formed. 
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3. An object is placed between two parallel mirrors, which are 
3 cm. apart, so that it is 2 cm. from one of the mirrors. Find the 
distance between the third image formed by each mirror. Draw 
the rays to an ©ye situated between the mirrors when the eye is 
viewing one of these images. 

4 . A ray which is incident on a mirror passes through a point X. 
The reflected ray passes through a point Y. Show that the ray 
travels from X to Y by the shortest path when the angles of incidence 
and reflection are equal. 

5. State the laws of refraction of light. The cross -section of a 
glass prism is a triangle ABC, AB and BC are at right angles to 
one another, and CA makes an angle of 45® with the other two 
sides. A ray of light enters the prism by passing normally through 
the face AB. If total internal reflection is to take place at the 
face AC, what is the least value of the refractive index of the glfxss ? 

(O. & C.) 

6. A pin is held horizontally above a tank of water so that the 
image by reflection of the pin appears to coincide with an object at 
the bottom of the tank. More water is poured into the tank so that 
the depth is increased by 4 inches. The pin now has to bo raised 
7 inches for coincidence to occur again. Find the refractive index 
of water. 

*7. Determine the lateral displacement of a ray of light which 
is incident at 46® on a slab of glass of thickness 5 cm. Take ^ 
as 1*6, 

8. State the laws of refraction, and describe how you would 
verify them experimentally. 

9. A ray of light is incident on a glass prism of angle SO® bo 
that reflection occurs at the second face of the prism, and the ray 
travels back along the same path. Show that the angle of incidence 



Trove that it is impossible for light to travel directly through 
a prism without reflection if the angle of the prism is greater than 

10. Calculate the apparent displacement of a small object pro- 
duced by interposing a transparent plate of thickness t and refractive 
index g between object and observer. 

A microscope is focussed on a scratch on the upper stirfaco of a 
transparent plate of thickness 1 mm. In order to focus on the image 
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of the scratch reflected from the lower surface of the plate the 
microscope must he screwed down through a distance 1*25 mm. 
Calculate the refractive index of the material of the plate . 

(Lond. H.S.O.) 

11 . Describe what happens when a ray of light passes into a less 
dense medium as the angle of incidence at the boundary face increases. 

Show that to a fish in water of refractive index 4/3 all objects 
outside the water appear to lie within a cone which has a vertical 
axis, the semi-vertical angle being sin”^ (£-)• 

12. Define the terms : critical angle, refractive index, and show 
how they are related to each other. 

Calculate the critical angle for a ray of light passing from a medium 
of refractive index 3/2 into a medium of refractive index 4/3. 

(Lond. Inter.) 

13 . Explain the meaning of critical angle, and describe how you 
would measure the critical angle for a water air boundary. 

ABCD is the plan of a glass cube. A horizontal beam of light 
enters the face AB at grazing incidence. Show that the angle 6, 
which any rays emerging from BC would make with the normal 
to BC, is given by sin 6 =cot 0, where O is the critical angle. What 
is the greatest value that the refractive index of glass may have 
if any of the light is to emerge from BC ? (N,) 

14. Explain the meaning of critical angle and total internal 
reflection. Describe briefly (a) one natural phenomenon due to 
total internal reflection, (&) one practical application of it. 

Light from a luminous point on the lower face of a rectangular 
glass slab 2*0 cm. thick strikes the upper face, and the totally 
reflected rays outline a circle of 3-2 cm. radius on the lower face. 
What is the refractive index of the glass ? (N.) 

16. If a candle flame is viewed very obliquely in a plate glass 
mirror a series of images of the flame is seen, the second of which 
is much the brightest. 

If an iron ball is covered with soot and held under water it presents 
the appearance of polished silver. 

Explain these observations. (O. & 0.) 

16. Give an account of the laws of refraction of light. 

A slab of glass with parallel sides is wholly immersed in water. 
Trace the path of a beam of light through the glass slab when the 
beam makes an angle of 30° with the normal to one of the faces. 

(Refractive index of glass 1*5, of water 1-33.) (O. &: C.) 
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17. A pin is held above a concave mirror, which is placed hori- 
zontally, and is moved up or down until it coinciclos with its imago. 
It is then at a distance x from the mirror. Water is poured into tho 
mirror, and now the pin has to be moved a distance 1 / nearer to tho 
mirror for it to ooinoido with its image. Show that tho refractive 

£C 

index of water is . 

x-y 

18. Describe a method of finding the rofractivo index of a liquid, 
of which only a few drops are supplied. 

19. State the laws of refraction of liglit and sliow that light can 

pass from a dense to a rare medium only within a limiting angle 
of incidence. (Lond. E.B.Cl, Subsidiary.) 

20. Show that if a horizontal concave mirror is filled witli a 

liquid its apparent radius of curvature is diminished in tho ratio 
of the refractive index of the liquid* (I^>nd. Inter.) 

21. Two parallel-sided plates of glass are cemented together so 
as to enclose a thin film of air. Show that, if the system is immersed 
in water, a ray of light will cease to bo transmitted when its angle 
of incidence on the first glass surface is greater than the critical 
angle between water and air. 

How can the principle of total refiection be employed to detormino 
the refractive index of a solid ? (0. & Q,) 



CHAPTER III 

SPHEBICAL MIBBOBS AND THIN LENSES 

The Sign Convention , — At the present time there is a 
certain amount of confusion as to which is the best sign 
convention to apply to mirrors and lenses. Three con- 
ventions are much more widely used than the others and 
therefore all formulae in this book are obtained by each of 
these three conventions- It must be emphasised that it 
is only necessary to know, and understand, one of these 
conventions. The three conventions are : 

(A) Distances are measured from the mirror or lens and 
are counted positive when measured in a direction opposite 
to that in which the incident light travels. On this convention 
concave mirrors and lenses have positive focal lengths while 
convex mirrors and lenses have negative focal lengths. 

(B) Distances are measured from the mirror or lens and 
are counted positive when measured in the same direction as 
that in which the incident light travels. On this convention 
concave mirrors and lenses have negative focal lengths, while 
convex mirrors and lenses have positive focal lengths. 

(C) Distances are measured from the mirror or lens and 
are counted positive if actually traversed by the light, but 
negative if the light only appears to travel in that direction. 
Thus for a real image v is positive, and for a virtual image v 
is negative. Also concave mirrors and convex lenses have 
positive focal lengths, while convex mirrors and concave lenses 
have negative focal lengths. 

Spherical Mirrors . — A spherical mirror is a reflecting 
surface which forms part of a sphere. The mirror may 
be either convex or concave. For the former the centre 
of curvature is behind the mirror, while for the latter 

45 
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it is in front. Thus a shaving mirror is concave while a 
motor-car mirror is convex. 

In the following theory any refraction owing to the 
thickness of the glass of the mirror is neglected. The 
theory is accurate for black glass mirrors or for mirrors 
silvered on their front surfaces. 

In the following constructions for concave and convex 
mirrors let APB represent the mirror, P being the pole of 
the mirror, and let C be the centre of curvature. The 
centre of curvature is the centre of the sphere of which 
the mirror is a portion, and the pole of the mirror is the 
centre of the mirror itself. The line passing through P 
and C is called the optic or principal axis of the mirror. 
The radius of curvature equals PC. The point F through 
which all the rays from infinity pass, or a|)pear to pass, 
after reflection is known as the focus of the mirror and 
the length PF is called the focal length. 

It can be shown that the focal length of a mirror is half 
the radius of curvature. Let CD be a ray from infinity 
meeting the mirror at T> and cutting PC in F after reflection. 

A G 

P . o 


Fia. 37- 



If CD is the norma] at D, then for the concave mirror 
Of)C=:Ct>F, 


But 

Hence 


odc^dCf 

Cl)F = DCF. 
DF=FC. 


since 


OD is parallel to PC. 


Now 


DF =PF (approximately) 
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so that PF = 1'C (approximately). 

For the convex mirror 
Of)E=El)G, 

where DG is the reflected ray, which when produced back- 
wards passes through E. 

But 

0I)E=DCF 

and Ef)G = CjDF (vertically opposite). 

Hence dC3P = C1)F. 

DF=FC, 
giving as before 

PE=EC. 

Thus E lies midway between P and C. 

General Equation for Spherical Mirrors . — Two cases will 
now be considered for concave mirrors, firstly the object 
O lying beyond F, and secondly, O lying between F and 
the mirror. 


(1) Let the object be a point source of light on the optic 
axis, and let the incident ray CD make an angle a with 



PC, and d with CD, the normal. Then the refiected ray 
DI also makes an angle d with CD and meets PC in I. 
Call DIP jS and DCP y, and let the distances PO, PC 
and PI be denoted by u, r, v respectively. 

Then 

^=zd + y and y =6 + a. 

Eliminating $ we have 

a’^P = 2y. 
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USING CONVENTION A 

USING CONVENTION 

B 

USING CONVENTION C 

u, V, and r are 

Uy V, and r are 

u, V, and r are 

positive 

negative 


positive 

PD n PD 
*. a = — , ^ = , 

U V 

PD o 

PP 

V ’ 

PD o PD 

PD 

__ PD 
^ r ’ 


PD 

y=:- 

since a, and y 

are small angles. 

Hence 



1 1_2 
u V r' 


It is obvious from the diagram that the object and image 
are interchangeable. 

(2) In the second case the reflected ray produced back 
meets CP to the left of P, and the equations now are 
a = ^ + y and 0 = ^ + y, 
giving a-fs = zy. 

In this case 

COHVEimON 


and the final equation again is l/t^ + l/t? = 2/r. 

For a convex mirror the image is always behind the 



mirror irrespective of the position of the object. The 
equations then are (fig. 39) 

a + yz=zB and y + 0 
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whence 

Since 

CONVENTION A 
_PD p _ PD 
~~ u' V ^ 

PD 


r = -■ 


^ — a = 2y. 

CONVENTION B 
PD « PD 

PD 


we obtain 


1 1 _2 
u V r’ 


CONVENTION C 


PD 
a = — , 
u 




PD 


y = 


PD 

J 

r 


the general fornaula for mirrors. 

If the object is at infinity, 1/u equals zero and conse- 
quently V equals r/2. But in this case the reflected rays 
pass through the focus, and the distance v is the focal 
length, usually denoted by /. Thus we have, as before, 

S f=ir. 

Graphical Construction , — So far the object has been 
considered as a point on the optic axis. If the object is 
a point not on the axis then the image is a point which 
also does not lie on the axis. The position of the image 



is found conveniently by a graphical method. One ray 
from the object at O is taken parallel to the axis so that 
after reflection at the mirror AB it passes through the 
focus F. Thus OD is the incident ray, and BF the reflected 
ray. Another ray from O is considered, this one passing 
through C, the centre of curvature. After reflection at 
the mirror this ray is reflected back along the same path 
4 
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since it strikes the mirror normally. Then tlie image of 
O lies at I, where the two reflected rays meet. 

If the object is not a point, but has a lengtii OK perpen- 
dicular to the axis, then the position of the imago of K 
may be determined by drawing rays as mentioned above. 
Then if similar rays from any other point X on OK are 



taken the consequent reflected rays must meet at some 
point Y on IL, where L is the image of K and IL Is drawn 
at right angles to the axis. This follows since 

XK OK PD DE 
YL IL ““ IL YL' 

neglecting the curvature of the mirror. 

Since XK=DE, this shows that the two reflected rays 
pass through the same point Y on IL. So any point on 



OK has a point image on IL, and consequently IL is the 
image of OK. 

The construction is similar in the case of convex miiTors. 
If OK is the object (fig. 42), IL is the image. This image 
is always situated between the pole and P whatever tlio 
position of the object. 
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By this method we may also obtain the general formula 
for mirrors. 

The length DP is very small compared with PC, and may 
in practice be considered as straight and perpendicular 



to PC. Then we have two sets of similar triangles, KCO 
and CIL, DFP and PIL. Hence 


OK CO , PD PP 
IL “ Cl IL “if 


But OK = PD and so 


or 

or 

which gives 
Dividing by uvf, 

or 


Cl "“PI 
«- 2 / / 


2J-V v-f 

uv-uf- 2vf + 2/2 = 2/2 -fv 
uv —fu -\-fv. 


1_1 1 
f V u 


1 1_2 
u V r" 


Magnification . — The ratio of the length of the image to 
that of the object, i.e. is called the linear magnification, 
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denoted by m. If we draw a ray from K to P, then the 



reflected ray passes through L and the magnification is 
given by 

IL ^ ^ V 

^~OK~ t6~~u’ 

since the triangles KOP and ILP are similar. 

The minus sign indicates that if u and v have the same 
sign then the image is inverted, but that if u and v are 
opposite in sign the image is erect. 

We may thus classify our results for the position and 
nature of the image for different positions of the object. 


Position of object Position of image 


Nature of image 


Concave Mirrors 

At infinity 
Between oo and C 
At O 

Between O and F 
AtF 

Between F and P 
At P 


AtF 

Between F and C 
Ate 

Between C and oo 
At infinity 
Between and P 
At P 


Beal 

Beal, inverted, diminished 
Beal, inverted, same size 
Beal, inverted, magnifiod 

Virtual, erect, magnified 
Erect, same size 


Convex Mirrors 

At infinity 
Between <» and P 
At P 


AtF 

Between F and P 
At P 


Virtual 

Virtual, erect, diminished 
Erect, same size 
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Refraction at Spherical Surfaces . — We must first consider 
wlaat signs are to be taken for the radii of cnrvatnre of the 
surfaces separating the two media. Using Convention : 

(A) Concave surfaces have positive radii of curvature 
and convex surfaces have negative radii of curvature. 

(B) Concave surfaces have negative radii of curvature 
and convex surfaces have positive radii of curvature. 

(C) The radius is positive if the refraction at this surface 
increases the convergenoy (or decreases the divergency) of 
a beam of light entering the medium from air. Hence a 
concave surface has a negative radius of curvature and a 
convex surface has a positive radius of curvature. 

Let the boundary between two transparent media be 
spherical in shape, the centre of curvature being at C. 
Consider the surface to be a concave one with respect to a 
point object O on the optic axis. Let the refractive 

indices be pi and and denote the ratio — by [x, assuming 

that yu is greater than unity. 

Join OC and let OC produced cut the surface at P. Let 



OD be a ray making a small angle a with OC, and let CD 
be the normal at D. After refraction the ray moves in a 
direction BE as though it came from a point I on OP; let 
it make an angle ^ with CD produced. I is thus the 
virtual image of O. Also let Ol)C be 9^ DlP be DCP 
be y. Then 

fjLj^ sin 6 = sin 

But since a is small, 6 and ^ are also small, and we may 
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write iJLi6 = ii 2 <f> 

or 6 = fx4>, (/^ = /^ 2 /f^i)- 

Now ^ + a = y and y — ^ 

Substituting for 6 and (j> we get 

(y-a)=p(y-^) 


or 

a = {fJ.-l)y. 


CONVENTIOSr A 

ooNV33amoN B 

OOHVEHTOOH C 

PD n FD 

PD o PD 

PD ^ I 

a = — , ^ = — , 

CXt " "" 5 PS y 

a = '- 7 , ^=:~- 

U V 

U V 

u 

PD 

PD 


y ^ ^ 

y = — j 

7= > 

r 

r 

r 

JJL 1 /Z. — 1 

fX 1 /X — 1 

.• ^ 1 ^ ^ 

V u r 

V u r 

' ^ V u r 

or 

or 

or 

/xa /xi /xg - //-i 

_ Ml 

Ms ^Mi 

V u r 

V u r 

w r 


The treatment is the same as above for all positions of 0, 
provided the surface is a concave one. For convex sur- 
faces, however, two cases have to be considered, one %vhere 
I falls to the left of the surface and is a real image, the 
other where I is on the same side as the object and is 
virtual. 



Fia. 46. 

In the former case (fig. 46) 

efi = y-^ and ^zzry+a, 
giving y + a = /z(y-^) 

a4-/x^==(/x -l)y. 


or 
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CONVENTION A 

CONVENTION B 


CONVENTION C 

PD n PD 

P= 

/D 

a= ~ 

PD 

PD 
a = — , 

;8=?5. 

U V 

u 

V 

u 

V ' 

PD 

PD 


PD 

r- 



y=_ 

fJL 1 [JL — 1 

^ _ 1 ii.~ 

1 


V u r 

V u 


V u 

r 


For the second case (fig. 47) the equations are 
^ ^ 4 - y and 9 — y + a, 





giving 

or 

CONVENTION A 
^pp ^ 

PD 

y = - 




r 

u 


Fig. 47. 

y + a = /z.(^4-y) 
f^^-a = y(l -/x). 

CONVEimON B 
PD o PD 

■"IT’ ^=-V’ 

PD 

y=_ 


1 

u 




CONVENTION C 

PD o 
=_ ^=_ 

PD 

y ==- 


u 


r 

1 ^-1 


Magnification Produced by Spherical Refracting Surfaces, 
— If the object is of finite size an image of finite size is formed, 
and its position may be found by a graphical method. 

An object OEl gives rise to an image IL. Two incident 



rays KD and KP are taken, and by using /z = sin ijsin r the 
refracted rays BE and PF are drawn. These rays meet 
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11^ -ji 

V> - 


at L when produced back, so that L is the image of K and 
IL the image of OK. 

Now sin KPO 

'"“sinLf*! 




since the angles are small, 
OK/OP 


IL/IP 

But the magnification = 

... IP 1 

. magmncation :=m~z 


coNVEKnoiir A 
m = - 

}JUU 


OP 
ooNviamoif B 

V 


\ m='' 


fJiU 


COKTOTOOH C 
V 


m = - '■ 


fm 


This result may be deduced in a similar manner for a 
convex surface. 

Befr action through Lmsea . — ^In the preceding cases *we 
have considered rays of light passing from one medium to 
another. In the case of a lens the light passes from one 
medium to the other and then on into the first medium 
again, so that refraction at two faces must be eonsiflered. 
A lens is a part of a refracting medium generally enclosed 




by two spherical surfaces, although in some lenses one of 
the faces may be plane. The optic axis of the lens is the 
line joining the centres of curvature of the two faces, 
while the focus is the point on the optic axis to which 
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rays from infinity converge, or from which the rays from 
infinity appear to diverge after passing through the lens. 

Since light may pass through a lens in either direction, a 
lens has two foci which are equidistant from the lens and 
on opposite sides of it, unless the lens is a thick one. 

As in the case of mirrors, lenses fall into two classes — 
convex or converging lenses, and concave or diverging 
lenses. These are so named because convex lenses cause 
convergence of a beam of parallel rays, while concave 
lenses cause parallel rays to diverge. The point to which 
the rays converge or from which they diverge is called the 
focus, and the distance of the focus from the lens is the 
focal length. Each class may be divided into three types. 



FiO- .^0. 


as shown: bi-convex and bi~concave, 1 and 4; plano- 
convex and plano-concave, 2 and 5 ; and convex meniscus 
and concave meniscus, 3 and 6. 

General Equation for Lenses , — Let the lens, having a 
refractive index /xg, be placed in a medium of refractive 
index and let the radii of curvature of the two faces of 
the lens be and r^- Also let the thickness of the lens 
along the axis be t. As before, we consider an object 
at a distance u from the lens. An image (J) of this object 
will be formed by refraction at the front face of the lens. 
Suppose this image is at a distance w from the front 
face of the lens. Then the ray of light reaching the other 
face of the lens will appear to come from J, i,e. from a 
distance w -{-t. Thus a second image (I) will be formed 
owing to refraction at the second face. Suppose this image 
is at a distance v from the second face of the lens. 
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Then for refraction at the first face of the lens 

CONVENTION A CONVENTION B CONVENTION C 

^ ^ ^ (1) ^ , (1) + i 

W U Tr ‘ ^ U ri ’ ‘ ’ W tl 


( 1 ) 


1 if the image is virtual, 

where 

At the second face the ray of light goes from a medium 
of refractive index to one of refractive index /xj. 

We must accordingly substitute for /x in the general 
formula, while since the light appears to come from a 
distance w+t, u will be replaced by Hence at the 

second face we have 


1 /X l—^l 1 /x_l— /X 

V w^t 1 V w^-t 

[Note that in C a minus sign appears on the right-hand 
side of this equation; the reason is that if is positive when 
considered from outside the lens it is negative when con- 
sidered from inside the lens (and vice versa) in the direction 
in which the light is passing.*] 

Hot the present we will concern ourselves only with thin 
lenses, so that t may be neglected in comparison with w. 
Thus 

CONVENTION A CONVENTION B CONVENTION C 


v w '\’t r 2 


1 fX 

V w 



w 


...( 2 ) 




We may now eliminate w from the two equations (1) and 
(2) by addition. Then 


V u \ri 


V u 


. . - ( 3 ) 


\ . . ( 3 ) 


* Consider a bi-conv©x glass lens in air. Although both faces have 
positive radii of curvature when considered from the air, the radius of the 
second face is now taken as negative since a ray of light approaches this 
face through the glass of the lens. 
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This equation is of great importance and immediately 
leads us to a value for the focal length of a lens in terms of 
its refractive index and its radii of curvature. When the 
object is at infinity, 1/m equals zero and v equals/, the focal 
length. Thus 


cosvBimoN A 



. . . (4) 


/ 


COSVENXIOII B 


( 4 ) 


CONVENTION C 




1 1 

i 

Ti r 


. ( 4 ) 


For a bi-convex lens in air 


ri is negativ'e and 
7*2 positive, 

/. / is negative. 


ri is positive and 
rg negative, 

/ is positive. 


7*1 and rg are both 
positive, 

/ is positive. 


For a bi-concave lens in air 


7*1 is positive and 
7*2 negative, 

/ is positive. 


ri is negative and 
rg positive, 

/ is negative. 


7*1 and 7*2 are both 
negative, 

/ is negative. 


Care must be taken in referring to a lens as a positive or 
a negative lens since the sign of the focal length depends not 
only on the lens itself but also on the surrounding medium. 



Fig. 51. 


Thus in equation (4) jit is actually equal to /Xg/jai, where (jl^ 
is the refractive index of the medium surrounding the lens. 
If a concave lens is placed in a medium of greater refractive 
index, then fj. becomes less than one, and the lens acts as a 
converging lens. Also if a hollow glass vessel in the form 
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of a convex lens, %. 51, is placed in water it causes a 
parallel beam to diverge just as a concave glass lens acts 
in air. 

Equations (3) and (4) may be compared and the rclation- 
sMp found between u, v, and / for lenses. Thus 


CONVENTION A 
1 1_1 
V u'^f 


CONVENTION B 
1 1_1 
V u'^f 


CONVENTION C 
1 1 I 

““ "Z 

V u f 


— ^the simple equation for thin lenses. 

Graphical Construction . — ^As in the case of mirrors, a 
graphical construction enables us to determine the position 
of the image when the object does not lie entirely on the 
axis- In this case we consider two rays from any point 
on the object, one being parallel to the optic axis and 
passing through or appearing to diverge from the focus 


after refraction through the lens, the other ray passing 
through the centre of the lens and being undeviated. In 
considering this second ray to be undeviated we are making 
a very slight assumption which is only approximately 
true. It has been shown in Chapter II that a ray passing 
through a medium, the sides of which are parallel, suffers 
a slight lateral displacement, but is unchanged in direction. 


A in the case of a lens the central parts 
of each face are almost parallel, and 
A there is thus a slight lateral dis- 
placement for all rays except the 

' one along the optic axis. Thus in 

1 the diagram the tangents at B and 

\ J 0 are parallel, and the path of the 

\ / Pig. 52. ray is ABCD. Since in nearly every 

case the ray makes only a small 
angle with the optic axis, the lateral displacement is so 
small that it may be neglected. 


Thus in the case of the convex lens, if OK (fig. 53) is the 
object we have one ray KA parallel to OC, the optic axis, 
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passing through F after refraction, while the other ray 
passes iindeviated along KO. • The image of K is thus at 
L where the two rays meet. 

If X is any point on OK then the image of X must lie at 
some point Y on IL where IL is perpendicular to the axis. 



provided that OK itself is perpendicular to the axis. The 
rays drawn are XD parallel to the axis — ^the transmitted 
ray passing through F, and XC which is undeviated by 
the lens. These transmitted rays meet at Y on IL, since 

lY IL 
CD"~CA 

for the first ray, and 

lY IL 
OX“"OK 

for the second ray. 

These expressions are identical as CD = OX and CA = OK, 
thus indicating that both the transmitted rays pass through 
the same point Y on IL. In the same manner the image 
of any other point on OK is found to lie on IL, so that IL 
is the image of OK. 

It is assumed here that all rays parallel to the axis pass 
through F after refraction, irrespective of their distances 
from the axis. This assumption is only approximate, as 
is shown in Chapter IV, and actually the image IL is 
slightly curved. 

The General Equation . — This equation may be obtained 
easily from the diagrams constructed graphically. The two 
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types of lenses, convex and concave, are shown. In each 
case there are twT) sets of similar trianglc^s, €(>K and OIL, 





Fia. 64. 


and FCA and FIL. 

OK 

IL 

Now 
so that 


Hence 

= 99 . 

"Cl IL"iF‘ 

OK=:CA, 

W_CF 
Cl " If‘ 


Substituting, with due regard to sign, we obtain 


CONVENTION A 

CONVENTION B 

CONVENTION C 

u -/ 

/ 

/ 

! 

1 

?> 

! 

V V - f 

1 

1 

for the convex lens, and 


^ / 

-u -f 

u -f 

1 

-V -U-v) 

-v' -{f-v 

for the concave lens. 


In both cases the equation is 


uf — uv=vf. 1 

uf 1 

UV - uf = 

Dividing by uvf, we have 


111 

1 1 1 

1 11 

V f~u 

V f~'li 

/ V "n 

or, in the more familiar form, 


111 

1 1 1 

1 1 1 

V u~f 

V u~f 

V u “”7* 
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The Deviation Method . — The general equations for lenses 
may be derived more rapidly by use of the deviation 
method. A lens can be treated as a series of prisms of 
small angles, these angles increasing in size from the 
centre of the lens outwards. For a prism of small angle 
A, the deviation D is given by D==(ju,-1)A (page 142 ), 
where ju is the refractive index. This equation is only true 
when the angle of incidence is small, but such is always the 
case with ordinary lenses in practice. For a ray initially 





Fic. 54 (i). Fia. 54 (ii). 


parallel to the axis the deviation 8i produced is hjf (neglect- 
ing signs), where h is the distance of the point of incidence 
from the pole of the lens. This is illustrated by hg. 64 (i), 
where AB is the incident ray and F the focus. 

For a ray from an object O, fig. 64 (ii), incident at the 
same point on this lens the deviation is §2 emergent 

ray cuts the axis at I. Now the deviation is independent 
of the angle of incidence (provided this is small), so that 
81 = 82- Til® values of Si and Sg can now be found and 
equated for the case illustrated. 

Since 83 ==B 0 I -l-BtO, we have 


CONVENTION A 

S,= -hlf, 

32 = hlu “ hjv, 
1 1 _1 
* ^ V u f‘ 


CONVENTION B 

B^^hjv —hju, 
\ 1 _1 
V n'^f' 


CONVENTION C 

^i=m 

B2=hlv -bhiu, 

111 

— [ — — 

V u f 


The other lens equation is deduced in a similar manner. 
Let the angle between the faces of the lens at a distance h 
from the axis be A. This angle is equal to the angle 
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between the radii drawn to the lens facew at this distance 
from the axis. Thus in fig. 54 (iii), A = d + <(>. 


"A 



Then, taking D as the deviation, and rj and r.^ as the 
radii of curvature, we have 


coNVEimoii A 
D=-A// 

0= -A/rj 

<f> = hjr^. 


COHTEimOH B 

D= A// 

6= hjr^ 
-hjr^. 


cwsramoH C 
D= hjf 

e= ?ilri 

4 = 


But D = (/x-l) A=(iM-l){9+4}. 




T' 


h ih h\ h ,h 


or 7 = (/x-l)(- -- ). or-j=(/i“l)('^ — ^ or * ={a -1)( ^ 

/ ^ Vi >-2/ / ^ Vi »-! / ' \ri » 


1 1 


/I 1 

■■ H — 

ri n 


Magnification. — The linear magnification, m, produced 
by a lens may be expressed in terms of u and v. From 
fig. 54 we haye 


IL Cl 


Remembering that m is positive for an erect imago and 
negative for an inverted image, we may write 
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CONVENTIONS A and B 


CONVENTION C 


V 

m == -. 

u 

This equation is opposite 
in sign to the corresponding 
one for mirrors. The reason 
is that u and v have the 
same sign for a real image 
formed by a mirror, but 
opposite signs for a real 
image formed by a lens. 


V 

m— — . 
u 

This equation is exactly 
the same as the one obtained 
for mirrors. In each case 
the image is erect when 
virtual (v negative) and in- 
verted when real {v positive). 


A classification of the position and nature of the image 
for different positions of the object can now be made. 


Position of object 

Position of image 

Nature of image 

(a) Convex Lenses 



At infinity 
u greater than 
twice focal 
length 

u equal to twice 
focal length 
u > focal length 
but < twice 
focal length 

At focus 

Between focus 
and pole of lens | 
At pole 

At focus 

V > focal length but 

< twice focal 
length 

V equal to twice 
focal length 

V greater than twice 
focal length 

! 

At infinity 

Between infinity 

and lens 

At pole 

Real 

Real, inverted, diminished 

Real, inverted, same size 

Real, inverted, magnified 

Virtual, erect, magnified 

Erect, same size 

(b) Concave Lenses 


At infinity 
Between infinity 
and pole of lens 
At pole 

At focus 

Between focus and 
pole of lens 

At pole 

Virtual 

Virtual, erect, diminished 

Erect, same size 

The student 

should compare 

the classification for 


mirrors with that given above for lenses. Certain points 
of similarity will be noticed between concave mirrors and 
convex lenses. For the object more distant than the focus 

5 
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the image is always real and inverted, while for tlie object 
nearer than the focus the image is virtual, erect and 
magnified. In each case when the object is distant *by 
twice the focal length from the mirror or lens the magni- 
fication is unity. When a real image is formed it is always 
possible to interchange the object cand image. In such 
cases the positions of object and image are known as 
conjugate foci. 

Similarities also exist between convex mirrors and con- 
cave lenses. Here the image is always virtual, erect and 
diminished for all positions of the object excex>t 
when the magnification becomes unity. 

Focal Length of Two Lenses in Contact . — Let the two 
lenses have focal lengths and their axes being coin- 
cident. Then an image of an object, distance u away, is 
formed by refraction through the first lens. Let the 
distance of the image from the lens be Vj. Then 


CONVENTION A CONVENTION B 


CONVENTION C 


'u ”’/i ‘ 


. ( 1 ) 


i 

~“/i * 


. . (1) 



. . (1) 


To the second lens the object appears to be wdierc this 
image is formed, and since the lenses are thin and in 
contacb, the final image is formed at a distance v from 
the lens where 


72 


(2) 




. ( 2 ) 


By addition is eliminated, and 


i 


But-'-i 

V u 


1 

F 


1 

V 

But 


1 __1 1 ^ 

fi /a 
1 ^ 1 
V 


I I 

” 7^ 


. ( 2 ) 


1111 

. : L. 

^ fi fz 


^^11 
But ~ 4“ 

U 


i 

F 


* If the image formed by the first lens is real, Vj is positives. Such an 
image acts as a virtual object to the second Ions so that ~ rt'-placcjs u in 
the general equation for lenses, as in (2), 
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where F is the focal length of the equivalent lens. 

i 

The deviation method yields the same result. 

For a ray meeting the lens at a distance h from the axis 
the deviation produced is A//. When we. have two lenses 
in contact, the total deviation is the sum of the deviations 
produced by each lens. 

^ A h 
or 

11 1 

The reciprocal of the focal length is called the power of the 
lens, and consequently the resultant power of two thin 
lenses in contact is the algebraic sum of their respective 
powers. 

Focal Length of a Lens System . — ^When two lenses having 
the same axis are separated, the resultant focal length 
depends on the distance apart of the lenses as well as on 
the individual focal lengths. 

Let AB and CD be two concave lenses at a distance 
apart a, and let their foci be Fi and F2 respectively. 



Then a ray of light PQ, parallel to the axis, is deviated 
by the first lens and travels in a direction QR, appearing 
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to have come from Fi- In order to find the direction of 
the ray after passing through the second lens we must 
obtain the position of the image of Q formed by the lens 
CD. By the usual construction this is found to be at K, 
so that the emergent ray is in the direction KllS. The 
actual path of the ray is thus along PQRS. The focus is 
F where the emergent ray, produced back, cuts the axis. 

This arrangement is similar to a single concave lens 
placed at EH and having a focal len^h HP. Thus the 
equivalent focal length of the system is HP. 

Now 



TE 

TQ 

n T 



DF“ 

"DPi’ 


Wjo 

and 

EQ 

TQ 



By addition 

DP” 

'DFj' 



TE+EQ 

TQ TQ 
DPi'^DF^’ 




DP 



or 
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CONVENTION A 

/2/1 


m* ==^- — « « . • 

{a +/i +/2) 

But HB=F, the 
equivalent focal 
length of the 
system. 

/1/2 




HE = . 


CONVENTION B 
/2/1 

'(« -fi-fzY 
But HF = - F, the 
equivalent focal 
length of the 
system. 

/ 1/2 


(/l +/2 +®) 


F = 


(/1+/2 -«) 


This may be written in the form 
1 


_ 1 1 a 


1-1 1 J?_ 


HF = 


CONVENTION C 
/2/1 

(ffl -/i -fzY 
But HF =: — F, the 
equivalent focal 
length of the 
system. 

/1/2 


F: 


(A +-/2 - Cl>) 


1-1 ^ 

P"/x ^/2 /1/2’ 


so that when a is zero (i.e. when the lenses are in contact) 


1-1 1 

P“/x^/2’ 


The deviation method may be used here instead of the above. 
By fig. 55 we have 


Now 

and 


deviation at first lens =BQ/BFi, 

deviation at second lens =DE;/DF 2 , 
deviation at equivalent lens =HE/HF. 


DB =DT +TR = BQ + TR, 


TR =TQ tan RQT 
=TQ tan QPjB 


=TQ 


BQ 

BBi' 


DE,=BQ 1 + 


TQ \ 

'bfJ' 



70 


TEXTBOOK OF EIGHT 


Hence, since the deviation at the equivalent lens equals 
the sum of the deviations at each lens of the system, 

HE BQ PB 
HF"BFi‘''DF2 

_BQ 

“BFi DFaV ■‘'BfJ 

or 

1 1 BFi+TQ 

HF^BFi'^DFa.BFi 

11 TQ 

“ BFi ^ DFa DFaTBFi' 

coirvEHTioir A convenhoh B couvehtioh C 

1 _1 ^ 1^_1 1 _1 1 _ a 

IJ. 

Determination of the Focal Lengths of Mirrors and Lenses. 
— ^In most experiments for finding the constants of mirrors 
and lenses the optical bench is used. This bench consists 
of a wooden or metal base, along one edge of which is 
fastened a scale two metres long. Stands carrying lenses 
or mirrors can be moved backwards or forwards along the 
bench, one edge of the stand always being in contact with 
the scale. A pointer on the stand indicates its position on 
the scale. The object is usually two wires at right angles, 
stretched across a small circular hole in a screen, and illu- 
minated from behind by an opal or pearl electric lamp. 
The screen may be a sheet of white paper or a piece of 
ground glass. Although the position of the stand on the 
scale can be read off, the position of the optical centre of 
the lens or mirror — ^from which measurements have to be 
made — ^with regard to the stand may not be known. 
Consequently a rod of known length, 10 or 20 centimetres, 
is required for measuring distances. Then if the distance 
between a mirror and an object is required, the position of 
the object on the scale is noted, and it is then moved either 
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towards or away from the mirror until the rod of known 
length exactly fits in between them, one end being just in 
contact with the mirror and the other with the object. 
The position of the object on the scale is again noted, 
and the distance it has been moved is either added to or 
subtracted from the length of the rod. In this manner 
the distances between the different pieces of apparatus 
may be found accurately. 

It must be noted that good results cannot be obtained 
unless care is taken to secure alignment between the pieces 
of apparatus used on the bench. The object, whether it 
be the cross-wires or a pin, must be adjusted so that it 
is perpendicular to the optic axis of the lens or mirror, its 
centre being on this axis. The lens or mirror must be 
mounted so that its optic axis is parallel to the scale on 
the bench. By taking such precautions much time which 
is often spent in searching for images will be saved. 

Also the student should remember that in the parallax 
methods for coincidence the coincidence is not obtained 
by chance but by scientific method. As the eye is moved 
from side to side, it is always the more distant object or 
image which appears to move with the eye, and the 
position of that object or image should be adjusted 
accordingly. 

If experiments on mirrors are carried out, best results 
will be obtained when using black glass mirrors, or mirrors 
silvered on the front surface. In this way refraction 
effects in the glass of the mirror are eliminated. If black 
glass mirrors are used, 
a suitable object is a 
vertical iron wire heated 
to redness in a bunsen 
flame. 

Focal Length of a 
Concave Mirror. — (1) 

The image is made to coincide with the object. The mirror 
is tilted very slightly so that the reflected rays fall on the 
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screen containing the cross-wires. When a sharp image 
is obtained the distance of the object from the mirror is 
measured. This distance is equal to the radius of cur- 
vature of the mirror, and so equals twice the focal length: 

1 1 _ 2_1 
u V r f 

But v=^u, 

r=^u-2f, 

giving a value for /. 

(2) The positions of the image for different positions of 
the object are found, and / determined from the formula 
1/w-f l/t? = l//. This method may be subdivided into two 
classes — one in which a real image is formed, and the other 
in which the image is virtual. Here it is more convenient 
to use a large pin or knitting-needle as the object. If 



the image formed is a real one it will he in front of the 
mirror. So a stand containing a pin is moved backwards 
or forwards along the scale until the pin coincides with the 
image IL by reflection of the first pin or object OK. The 
distances u and v are then measured and / calculated. 

When the image is virtual it is behind the mirror, so 
that the stand containing the second pin must be placed 
at the back of the mirror. The stand is then moved until 
the part of the pin seen above the mirror appears to be a 
continuation of the image seen in the mirror. 

In this case (virtual image) it is not always easy to 
measure v accurately. Better results are usually obtained 



SPHERICAL MIRRORS AND THIN LENSES 


73 


by covering the lower half of the mirror with a semi- 
circular plane mirror N, the image IL formed by the con- 
cave mirror being made to coincide with the image IS, of 
QH, formed by the plane mirror. 



The image IS is as far behind N as QR is in front, so that 
the position of IL may be found. 

Focal Length of a Convex Mirror, — (1) The image formed 
by a convex mirror is always virtual. Consequently we 
may employ a method entirely similar to the one used for 
concave mirrors when the image is virtual. 

The distances of the object and image from the mirror 
are measured, and the focal length determined from the 
formula 1 /u -h l/i; = 1 //. 

(2) An object is made to appear virtual, i.e, behind the 
mirror, so that the image is real. A convex lens L is 


— 

L 






1 j 



U 



needed in this experiment, and it is placed so that a real 
image of the cross -wires is formed on the screen at S. 
Without moving any of the stands the convex mirror is 
then placed between L and S so that it faces the cross- 
wires. Rays falling on the mirror are reflected back, and 
if they meet the mirror normally they go back along the 
same path and form an image at the cross -wires. The 
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mirror is tilted very sliglitly so that the image falls on the 
screen containing the wires at I, and not on the wires 
themselves. The stand containing the mirror is moved 
until the image is sharp, and the distance of the screen S 
from the mirror is measured. It is obvious that this 
distance is equal to the radius of curvature of the mirror 
since the rays strike the mirror normally. 

Focal Length of a Convex Lens, — (1) A plane mirror is 
fixed in a stand behind the lens so that rays passing 
through the lens are reflected back again. The stand 
containing the lens is moved backwards or forwards along 
the bench until a sharp image of the cross -wires is formed 
on the screen containing the wires. When this happens 



the rays passing through the lens must meet the mirror at 
right angles and travel back along the same path. Since 
these rays meet the mirror at right angles they must be 
parallel. But parallel rays on passing through a convex 
lens are all converged to the focus, and so in the experiment 
the cross-wires must be at the focus of the lens. The 
distance between the lens and cross-wires is thus measured, 
and gives the focal length immediately. 

It should be noted that the distance of the plane mirror 
from the lens does not affect the experiment. 

(2) The real image method may be used as in the case 
of the concave mirror. A screen is moved so that a sharp 
image of the object is formed on it by the lens. The screen 
and the object, a lamp, are on opposite sides of the lens. 
The distances from the lens are noted, giving v and u 
respectively. Thus / is determined by the lens equation. 

If the object is between the lens and its focus, the image 
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formed is a virtual one, so that it is advisable to use the 
pin method and to cover the lower half of the lens with 
the plane mirror N. This mirror is on the opposite side 



of the lens to the object. The image of the object viewed 
through the lens is made to coincide with the image in the 
plane mirror of another object QB. The position of the 
image IL is thus as far behind the plane mirror as QB is 
in front of it. Distances are measured and / obtained from 
the formula. 

(3) The minimum distance between object and image for 
a real image to be formed is 4/ numerically. This may be 
proved as follows: — 

Let X be the distance between object and image. Then 

CONVENTION A CONVENTION B CONVENTION C 

x=v—u, x—u + v. 


Differentiating with regard to v, 


dx du 


-1 


Also 


dv dv 

1 1 

u'f 

dv du 

U‘ 

du _u^ 
dv v"^' 


(1) 

^ ^ dv d 


Also 


1 1 


V u f 
dv du 

)2i /!/ 2 


dx du „ 

(1) ■T~ = V * • 

dv dv 

Also — i — — 

V u f 


( 1 ) 


whence ^ = 0, whence ^ ^ = 0, whence -^ + ^ = 0, 


or 


or 


du 

dv 


or 


dv du 

du u^ 

dv v^’ 
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Substitution in equation (1) for gives 


CONVENTION A 
dx ^ 

dv 


CONVENTION B 


dx 

dv 


:1 - • 




(XINVENTION C 

dx 

do 


Now for X to have maximum or minimum values, 

' = 0 , 



dx 


dv 

Hence 


giving 



The corresponding values for x are thus 0 and 4/. Both 
of these are minimum values. The value = 0 occurs 
when the object is at the lens, the image then being also 
at the lens. The minimum value of x for a real image is 
thus 4/ numerically, and results when u and v each equal 
2/ numerically. 

The experiment can be performed very simply. If the 
distance between the object and the screen on which the 
image is formed is initially greater than 4/, there are two 
positions of the lens for which a sharp image is formed. 
The screen is moved slowly towards the lens, the position 
of the lens being adjusted so that the image remains sharp. 
When it becomes impossible to keep a sharp image the 
distance between object and image will be less than 4/, and 
consequently a slight adjustment is necessary to make the 
image clear. If the position of the lens is altered it will be 
noticed that for no other position between object and 
screen is a sharp image formed. The distance between 
object and image is then measured and divided by four, 
giving a value for the focal length of the lens. 

J (4) Provided that the refractive index of the material 
of the lens is known, the focal length of the lens may be 
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determined by Boys’s method. This entails the use of the 
equation 

CONVENTION A CONVENTION B CONVENTION C 





/ 




= (^_ 1 ) 


/ 


^2 


in which and ^2 have to be found. The lens L is set up 
vertically in front of a dark screen. A vertical iron wire P, 
heated in a bunsen flame, is then moved backwards or 
forwards along the optical bench until it coincides with 



the image of itself, reflection taking place at the more 
distant surface of the lens. Since the ray of light is 
reflected back along the same path, it strikes the distant 
face of the lens normally. Some of the light is trans- 
mitted, and if the screen is now removed and the object 
observed through the lens, an image is seen. This image 
is at C, where CA is the normal at A to the distant face. 
In order to find the position of C a plane mirror N is placed 
to cover the lower half of the lens, and an object (a pin) Q 
is moved along the bench until the image of Q formed by 
reflection at the mirror coincides with the image of P seen 
through the lens. Then the distance NQ equals JSTC so 
that the position of C may be found. The distance of C 
from the further face of the lens is measured, giving the 
radius of curvature of that face of the lens. 

The lens is reversed and the radius of curvature of the 
other face found in a similar manner. Thus and Tq are 
known, and / may be determined. 

In many cases this method is used for the determination 



76b 


TEXTBOOK OF LIGHT 


of the refractive index of the material of the lens, / being 
found by one of the methods given above. 

V This method may also be used for finding the refractive 
index of a liquid. A little of the liquid is placed on a plane 
mirror M, and a convex lens L then placed on the mirror. 

The focal length of the combina- 
tion of lenses (the glass convex lens 
and the liquid plano-concave lens) 
is found by the coincidence method, 
the focal length of the convex lens 
alone also being obtained by this 
method. Then, since 



i-1 1 


where F is the focal length of the combination, /i that of 
the glass lens, and that of the liquid lens, it is possible 
to obtain a value for f^. But 


i 

/ 2 ^‘ 


for the liquid lens, where r is the radius of curvature of its 
upper face. But this radius is the same as that of the 
lower face of the glass lens, which may be found by the 
method already outlined. Hence [l for the liquid can be 
found. 

Focal Length of a Concave Lens, — (1) The image formed 
by a concave lens is always virtual. The focal length may 



thus be found by a method similar to that for the convex 
lens when the image is virtual. A pin OK is observed 
through the lens, and a second pin Q, on the same side of 
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the lens as the eye, is moved until its image in the plane 
mirror N coincides with the image of the first pin formed 
by refraction through the lens. 

Distances from the lens are measured and by substitution 
in the lens equation a value for / is obtained. 

(2) As in a method for finding the focal length of a 
convex mirror, the object is made to appear virtual so 
that a real image is formed. A convex lens is placed so 
that a real image of the cross-wires is formed on the 



screen at S. The concave lens L is then placed between 
the convex lens and the screen, which now has to be 
moved to T in order to give a sharp image. Then the 
distances LS and LT are measured, giving values for u 
and V respectively. Care must be taken to secure the 
correct signs for these quantities when substitution into 
the lens equation is made. Thus 

CONVENTION A CONVENTION B CONVENTION C 

LS and LT are LS and LT are LS is negative, 
both negative. both positive. LT is positive. 

The convex lens used must be sufficiently strong com- 
pared with the concave lens to form a real image at T. 
If no image is formed then the light after passing through 
L will be divergent, indicating that either a stronger convex 
lens is required or an adjustment of the distance of the 
obiect from the convex lens is needed. 

^3) A convex lens and the concave lens are mounted so 
that they are in contact, and act as a convex lens. The 
focal length of the combination may be found by any of 



76d 


TEXTBOOK OF LIGHT 


the methods given for convex lenses. If F is this focal 
length, and /i, are the focal leng:thB of the concave and 
convex lenses separately, then 


1 1 1 


The focal length of the auxiliary convex lens mast also 
he found, so that a value for/j may be obtained. 

(4) If the refractive index of the glass of the concave 
lens is known and the radii of curvature be found directly, 
then / is found from 


1 

r 


coirvEimoN A 

,,-.,(14 


CSONVEUnON B 



ooNTOtmoir C 



The faces of the lens act as concave mirrors, so that the | 
radii of curvature may be found by the coincidence (of | 
object and image) method. • I 

The radii of curvature of spherical surfaces may be found f 
by use of the spherometer, and this method may be used * 
for finding the focal lengths of mirrors and lenses. ; 

Additional methods for the determination of the focal 
lengths of lenses are given in Chapter V, where the theory 
of thick lenses and systems of lenses is given. All the 
foregoing experiments refer to thin lenses alone, and cannot 
he used for combinations of lenses. 


EXAMPLES ON CHAPTER III 

1 . PBCA is the axis of a concave spherical mirror, A being a 
point object, B its image, C the centre of curvature of the mirror 
and P the pole. Find a relation between PA, PB and PC, sup- 
posing the aperture of the mirror to be small. 

A concave mirror forms, on a screen, a real image of twice the 
linear dimensions of the object. Object and screen are then moved 
until the image is three times the size of the object. If the shift 
of the screen is 25 cm., determine the shift of the object and the 
focal length of the mirror. (N.) 
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2. Show that an object placed at a distance d from a concave 
spherical mirror of radius H gives rise to an image at a distance 
K, where 

Hd 

jC^ 

2d -R 

Obtain the expression from first principles, and state carefully 
what assumptions you make. 

Describe an optical method of determining the radius of curvature 
of a convex spherical mirror. (N.) 

3. Deduce an expression connecting the distance of an object 
from a concave mirror with that of its image. 

It is desired to look at an image of one’s own eye 10 in. away, 
magnified four times. Show that this can be done by means of a 
concave mirror, of radius of curvature 5i in., placed at a distance 
of 2 in. from the eye. (O. & C.) 

4. Describe how to find the focal length of a convex spherical 
mirror, using a luminous object, a screen and any additional 
apparatus that may b© necessary. 

A luminous object is placed 30 cm. from the surface of a convex 
mirror, and a plan© mirror is set so that the images formed in the 
two mirrors lie adjacent to each other in the same plane. If the 
plane mirror is then 22 cm. from the object, what is the radius of 
curvature of the convex mirror? (N.) 

6, Describe and explain the changes which take place in the 
position and size of the image formed by a convex mirror as the 
object approaches the mirror from a great distance. 

A convex mirror is usually fitted on the handlebar of a motor- 
cycle to give the rider a view of the road behind him. What ad- 
vantage has a convex mirror over a plane mirror for this purpose ? 

(O. & C.) 

6. Describe how you would determine the focal length of a con- 
cave lens by a method involving the us© of an auxiliary convex 
lens which is not placed in contact with the concave lens. 

A thin concave lens has a focal length of 30 cm. Determine the 
position of the image which it forms of an object 10 cm. away 
(a) if the object is real, (b) if it is virtual. 3h each case show the 
path of a pencil of rays by which an eye, suitably placed, may see 
a non-axial point on the image. (l!7.) 

7. Where must an object be placed with respect to a convex 
lens of one-inch focal length in order that (1) a real image, (2) a 
virtual image, may be formed a foot away from the lens ? Give a 
diagram showing, in each case, how the image is formed. 

(Lond. Inter.) 

6 
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8. What do you understand by an “imago”? How can you 

decide whether it is real or virtual ? An object is placed at a distance 
of 9 cm. from a convex lens of 6 cm. focal length. At a distance of 
58 cm. from the lens on tlio other side is placed a concave mirror of 
16 cm. radius. Find tho position and nature of the final image, 
showing the paths of the rays on a diagram. (Camb. Schol.) 

9. A metal plate containing an illuminated circular hole is placed 

at one end of an optical bench, and a screen at tho other. By means 
of a convex lens an image of tho hole is formed on the screen, the 
diameter of the image being 2*26 cm. If the lens is moved 20 cm. 
along the bench an image of the hole again appears on the screen, 
its diameter now being 1-00 cm. What is the real size of the hole 
and how far is it from the screen? (O. <fe C.) 

10. What do you xmderstand by the term “ magnification ” as -used 
in optics ? 

Tho real imago formed by a convex lens is twice as high as the 
object when the latter is 12 cm. from the lens. Where must it 
be placed to give an inverted image magnified four times ? (O. & C.) 

11. Describe a method of finding the focal length of a converging 
lens. 

It is required to produce an image of a fixed object on a fixed 
screen 6 ft. away from the object, the imago being four times as large 
as the object. What kind of lens must be used, where must it be 
placed and what must be its focal length? (O. & C.) 

12. Establish the equation which gives the magnification pro- 
duced by a thin convex lens in terms of v and -w; draw careful 
figures illustrating the cases when the image is (a) real, (5) virtual. 

A thin convex lens forms a sharp image on a screen distant I cm. 
from tho object. The linear magnification of tho image is numeri- 
cally m. If m and I are varied, show that the focal length of the 
lens may be deduced from a graph obtained by plotting ml as 
ordinate against (1 as abscissa. (Lond. H.S.C.) 

13. Find by graphical construction the position and the size 

of the images of an object 1 cm. long placed 10 cm. in front of a 
lens of focal length 5 cm. — (a) if the lens is convex, (6) if the lens is 
concave, (Lond. Inter.) 

14. Describe two methods for the determination of the focal 
length of a concave lens. 

A thin equiconvex lens is placed on a horizontal plane mirror and 
a pin hold 20 cm. vertically above the lens coincides in position with 
its own image. The space between the under surface of the lens and 
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the mirror is to be filled with water {refractive index 1*33) and then, 
to coincide with its image as before, the pin has to be raised until 
its distance from the lens is 27*5 cm. Find the radius of curvature 
of the surfaces of the lens. (N.) 

15. Obtain a formula showing how the focal length of a thin 

convex lens can be calculated when the radii of its surfaces and the 
refractive index of the material are known. Describe how you would 
test the formula experimentally. (Lond. Inter.) 

16. Show that the focal length of a thin lens can be calculated 
from a knowledge of the refractive index and the radii of curvature 
of the two faces. 

What will be the focal length in water of a bi -convex lens whose 
radii of curvature are 10 cm. and 15 cm. ? 

(Refractive index of water 1*33, of glass 1*5.) (O- 0.) 

17. A piece of wire bent into an L shape with upright and hori- 

zontal portions equal in length is placed with the horizontal portion 
in the axis of a concave mirror whose radius of curvature is 10 cm. 
If the bend is 20 cm. from the mirror, find the position of its image, 
and the ratio of the lengths of the images of the upright and hori- 
zontal portions of the wire. (Lond. Inter.) 

18. A small linear object is placed along the axis of a convex 
lens of focal length 20 cm. at a distance of 50 cm. from the lens. 
Find the position of the image, and calculate the linear magnification 
produced. 

19. A beam of parallel light is incident on a thin double-convex 
lens in a direction parallel to its axis. Some of the light is reflected 
from the back surface of the lens, and emerges from the front face, 
fomiing a real image. Find the distance of this image from the lens, 
given that each surface of the lens has a radius of curvature of 
30 cm., and that the refractive index of the glass is 1*6. 

(Lond. Later.) 

20. Two lenses, one convex and the other concave, each of focal 

length 10 cm., are placed coaxially 10 cm. apart. Calculate the 
position of the image of a small object placed on the common axis 
(a) 20 cm. beyond the convex lens, (6) 20 cm. beyond the concave 
lens, and give in each case a diagram showing the path of a pencil 
of rays from the object through the two lenses. (Lond. Inter.) 

21. Show that when incident light parallel to the axis falls on the 
plane face of a plano-convex lens and suffers two internal reflections 
in the lens, the light after refraction out of the lens is focussed at a 
point distant F from the lens where F =ry(3^ - 1), r being the radius 
of the curved surface of the lens. 
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22, A thin convex lens of focal lengt-h 10 cm., aiwl a convex mirror 
of radius 20 cm., are placed 20 cm. apart with their axes coincident. 
An object is placed 30 cm. from the lens on the sitio rcjinoto from 
the mirror. Calculate the position of the image anti the magnifica- 
tion produced by the combination. 

83. The plane side of a plano-convex Ions is silvered, and the lens 
then acts as a concave mirror of 30 cm. focal longtli. The refractive 
index of the lens is 1-5. Find the radius of curvature of the convex 
surface. 

24. Prove the formula for lenses, the symbols havine 

f V u ^ 

their usual significance. 

A real image of a small source is produced by a convex lens at 
20 cm. from the lens. A concave lens, focal length 15 cm., is intro- 
duced between the convex lens and this image, and a final real image 
is formed 30 cm. from the original image. Determine the position 
of the concave lens. 

Discuss and illustrate what happens when the concave lens is 
moved towards the convex lens. (Lond. H.S.C.) 

25- A thin plano-convex lens rests with its curved surface in 
contact with a horizontal plane mirror, and the space between 
them is filled, firstly with water, secondly with oil. A thin rod is 
held horizontally above the lens, and it is found that the image of 
the rod formed by lens and mirror coincides with the object when the 
distances of the rod from the lens are 20 cm. and 26 cm. respectively. 
If the refractive indices of water and oil are 1*33 and 1-45 respec- 
tively, calculate the focal length of the lens and the radius of curva- 
ture of its lower face. (Bond. H.S.C.) 

26. A beam of light is rendered convergent by a convex lens and 
is brought to a focus 30 cm. from the lens. A second convex lens 
is now placed 10 cm. from the first one on the opposite side to the 
source of light, and the light is brought to a focus 4 cm. from this 
second lens. Find the focal length of the second lens. 

27. Two convex lenses, each of focal length/, are placed at a 

distance 3/ apart. For what positions of the object will a real 
image be formed by this combination of lenses ? (Lond. Inter.) 

28. A convex lens of 10 cm. focal length is held in a horizontal 

position just above the surface of a liquid filling a tank 20 cm. 
deep. The image of a point 30 cm. above the centre of the lens is 
brought to a focus on the bottom of the tank. Draw a diagram 
showing the path of the rays, and calculate tlio index of refraction 
of the liquid. (Lond. Inter.) 
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29. An object is placed in front of the plane face of a plano- 
convex. lens, and coincides with its image formed by reflection at one 
face of the lens when 10 cm. away. A plane mirror is now placed 
behind the lens, and the object coincides with the image formed by 
light reflected from the mirror when 30 cm. from the lens. Find 
the radius of curvature of the curved face of the lens, and also the 
refractive index of the glass of the lens. 

30. Obtain formulae to give the position and magnification of the 
image of an object at distance u from a thin double -convex lens of 
refractive index the radii of the two surfaces being r and a. 

Two such lenses are placed at a distance a apart. Find the 
positions of the principal foci of the combination. (Camb. Schol.) 

31. Show that, in general, there are two coaxial positions of a 
convergent lens which will give, on a fixed screen, a sharp image of 
a fixed object. 

If the (fistance between object and screen is 96 cm., and the ratio 
of the lengths of the two images 4*84, what is the focal length of the 
lens ? (N.) 



CHAPTER IV 


SPHERICAL AHD CHROMATIC ABERRATION 

Spherical Aberration , — In deriving the general formula for 
mirrors it was assumed that the angles between the 
incident rays or the reflected rays and the optic axis were 
small. This assumption is not justified in all cases, 
especially when the curvature of the mirror is large and the 
object is near to the mirror. If MN represents a concave 
mirror, 0 being the object, then it is found that rays 
reflected at the peripheral portions of the mirror cut the 
optic axis nearer to the pole of the mirror than do any 



other reflected rays. The rays reflected from the central 
portions of the mirror form an image of 0 at I, It is 
noticed that a curve can be drawn touching each reflected 
ray. This is known as a caustic curve^ and has a cusp at L 
The type of curve is probably familiar, since it may be seen 
easily on the surface of tea in a cup, the light being reflected 
from the inside of the cup. This effect is known as 
spherical aberration. Generally, the spherical aberration 
of a mirror is taken as the distance between the focus for 
rays near to the axis and the focus for rays which are 
reflected at the edge of the mirror. In the diagram the 

82 
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rays reflected from the mirror are only drawn in one plane 
— ^the plane of tlie paper. Now the mirror is part of a 
sphere, and so the caustic curve is only part of a surface 
which the reflected rays from all parts of the mirror touch. 
This surface is called the caustic surface, and is the surface 
traced out by the caustic curve if we imagine the diagram 
to he rotated about the optic axis. 

If a diverging pencil of rays falls on a mirror, then after 
reflection the pencil converges to two lines. Let MP 
represent part of the mirror, and consider two rays OA and 
OB diverging from O and meeting the mirror at A and B, 
After reflection let these rays cut each other at B, and 
meet the axis at E and F respectively. Then if we consider 



the diagram to be rotated through a small angle about the 
optic axis the triangle OAB traces out the pencil of rays 
diverging from O. Also the point D traces out a short 
hne DD' through which all the reflected rays pass. The 
reflected rays also pass through the line EF, so that the 
reflected pencil converges to a line DD' perpendicular to 
the plane of the paper and to a line EF along the optic 
axis. These are called focal hnes, DI>' being the first 
focal Hne and EF the second focal line. At neither of 
these positions is a clear image formed, but at a position 
between these lines the image becomes most distinct. 
Here the width and depth of the beam become equal, and 
since the image is approximately circular, it is called the 
circle of least confusion. 
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We may consider in another manner the formation of 
the circle of least confusion. Let AB and CD he rays 
reflected at the outer parts of a mirror, and let these 
out the axis at E. Then all other reflected rays cut the 
axis at points between E and I, where I is the position of 
the image due to the rays reflected from the central part 
of the mirror, or is the position of the cusp of the caustic 
curve. If a screen is moved along the axis then it is obvious 



that the image will be smallest at the points of intersection 
of the rays AB and CD with the rays PQ and RS at XY. 
Nearer to the mirror the image would be a disc with a 
bright edge, while farther away the image would be a disc 
with a bright central spot. The circle formed on the screen 
at XY is the circle of least confusion, while El is a 
measure of the spherical aberration. 

The treatment in the case of lenses is exactly similar. 



It was assumed that the angles of incidence and refraction 
were so small that the sines of the angles could he replaced 
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by the angles. For larger angles this causes an error, and 
rays refracted at the peripheral portions of lenses form an 
image nearer to the lens than do any other rays. If the 
outer parts of a lens are blocked out by a stop, then the 
lens has a longer focal length than if the central parts are 
blocked out. As in the case for mirrors, all the rays touch 
a curve after passing through the lens, the curve being 
called a caustic. Also focal lines and the circle of least 
confusion are formed in exactly the same manner. 

Curvature and Distortion . — It has been shown that an 
object, perpendicular to the axis gives rise to an image 
which is also perpendicular to the axis. This, however, is 
only an approximation — ^the curvature of the mirror or 
kihs being neglected. If a careful diagram is made, it is 
found that the image is curved and also distorted. Taking 
the case of a convex lens used as a simple magnifying glass 
r familiar example of curvature and distortion — ^we find 

L 


Fio. 70. 

that while the image of K lies at L, the image of A, the 
midpoint of OK, is at B. These images are found by the 
usual graphical construction, and the image of OAK is 
thus IBL, which is seen to be curved. Moreover, BL is 
greater than IB, since the rays which pass through the 
outer portions of the lens have a different focus from those 
which pass through the central parts. These foci are 
shown at F^ and Fg respectively in the diagram. 

This effect when the image is virtual may be seen very 
easily if a series of parallel lines is viewed through a convex 
lens of short focal length. The lines appear to curve away 
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from each other near the edges of the lens, and are only 
parallel over quite a small central part. 



The opposite effect — ^where the central parts are magni- 
fied more than the outer ones — occurs when a real image 
is formed. In the diagram, IBL is the image of OAK. If 
several parallel lines are drawn on a ground glass screen 
which is illuminated, then the image of this formed hy a 



convex lens of short focal length can be shown on a 



screen, and consists of lines which curve towards each other 
at the edges. 






SPHEBICAI. AKD CHBOMATIC ABEBRATIOI^ 87 



Similar effects may be observed in the case of spherical 
mirrors of large curvature. 

Methods of reducing Spherical Aberration . — It is not 
possible to construct a mirror which will bring rays from 
any point on the axis to a point image. But a mirror 
can be constructed so that rays from some definite point 
on the axis form a point image after reflection. l!^o matter 
where the rays meet the mirror, the total length of path 
is always the same. The 
reflecting surface is then 
called aplanatic. A sur- 
face having this property 
is an ellipsoid, and if ABC 
represents an ellipsoidal 
mirror, of which Fj and 
Fg are the foci, then all 
rays diverging from 
pass through F^ after reflection, the length of path being 
constant. 

In astronomical telescopes concave mirrors are some- 
times employed, but these are made in a paraboloid form 

instead of being spheri- 
^ cal. For a parabola is 

merely an approxima- 
tion to an ellipse with 

a very large distance 

between the foci. Thus 
a paraboloidal mirror 
will bring all rays from 
an object at infinity to 
a point focus. 

In the photographic camera the area in use of the lens 
can be controlled by stops. The sharpest image is formed 
when the central parts of the lens only are used. In order 
to admit more light the stop opening may be enlarged so 
that the exposure will be shorter, but this means that the 
definition of the image will not be as good. The diameter 
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of the stop opening is expressed in terms of the focal 
length of the lens, so that f/ll means that the diameter is 
1/11 of the focal length. Thus by use of stops spherical 
aberration may be much reduced, although at the same 
time the image loses in brightness. Spherical aberration 
may also be diminished by using two lenses instead of one. 
Then the deviation which would occur at two refractions 
now occurs at four refractions. Consequently the angles 
of incidence and refraction are smaller in the second case, 
making the approximations mentioned before more nearly 
correct. Thus in the lantern condenser we have two plano- 
convex lenses, the curved faces being towards each other. 
Then deviation occurs at each of the four faces instead of 

at two as in the case 
of a single lens. 
The parallel rays 
should always be 
made to fall on the 
curved face and not 
the plan© one, since 
otherwise all the deviation would occur at the curved 
face only. 

It may be wondered why lenses for telescopes should be 
made of large diameters. The reason for this is discussed 
in the chapter on diffraction, where it is shown that it is 
better to block out the central portions of the lens rather 
than the outer portions. The large diameter enables the 
telescope to separate objects which are extremely close 
together. 

Astigmatic Lenses . — Spherical aberration may be illus- 
trated very simply by an astigmatic lens. Such a lens 
has two focal lengths, one of which may, in certain cases, 
be infinity. Generally, one surface of the lens is spherical 
while the other is cylindrical, but if both faces are cylin- 
drical and the axes of the cylinders are parallel, then it can 
be seen that rays in the plane containing these axes will 
be undeviated. Suppose we consider a lens having one 
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side convex and spherical, while the other side is convex 
and cylindrical, then in the plane containing the axis of 
the cylind^|j|j||A lens acts as plano-convex, while in the 
plane throu^lffiBLe lens at right angles to this axis the lens 
acts as bi-convex. If the object is an illuminated circular 
aperture with cross -wires — one parallel to the axis of the 
cylindrical face and the other at right angles — ^there will 
be two positions of the screen for which a clear image is 
formed. At each position one of the cross-wires only -will 
be seen, depending on whether the lens is acting as bi- 
convex or plano-convex. Midway between these images 
will be another image, this one being smaller than either 
of the others. This is the circle of l^ast confusion, and at 
tl^s position the rays of light are nearest together. 

“^Chromatic Aberration , — ^If white light falls on a convex 
lens, and the image is observed carefully, it is noticed that 
if the screen is nearer to the lens than is the position of the 
image, the edge of the image has a reddish tint, and if the 
screen is more distant, the edge is tinted blue. Again, if 
red and blue lights are used in turn, and the focal length 



of the lens found in each case, results show that the focal 
length is greater for red than for blue light. This effect 
is known as chromatic aberration, and is due to the fact 
that the refractive index of a substance varies according to 
the colour or the wave-length of the incident light. The 
refractive index increases as the wave-length decreases, so 
that it increases as we pass from red to blue. In practice 
the eye automatically takes the position of the brightest 
image, which is intermediate between the red and the blue, 
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generally where the imago is tinted slightly yellow. For 
all positions, however, the image is blurred, since the focal 
length is different for each different colour. Thus chro- 
matic aberration results. 

The chromatic aberration of a lens may be defined as the 
distance between the foci for red and blue lights. 

The relationship between the focal length and refractive 


index is 

usiNa coNVEimaN A 


USING OONVENTION B USING CONVENTION C 


9 = (/ 4 - 1 ) — - 


iY 


j = {fj.-l)\ 






The variables are / and /x so that differentiation gives 



or 





or 

df ^ dfM 


} P- 1 

^dfA — i — 

7*2 


df _ dfj. 


since since since 

^ 1*1 ^ ^ _ i ^ 

df dfx df dll df dll 

//x~l* f fl-1' /^-l' 


The term ^ 1) called the dispersive power of the 

material of which the lens is made. , Since this is equal to 
df 

-y, a value may be found simply by experiment. The 


negative sign denotes that as the value of /x increases then 
the value of / decreases. If a source of white light is 
covered with first a red filter and then a blue one the focal 


length of the lens can be found in each case, and the dis- 


persive power deduced by dividing the difference in the 
focal lengths by the mean focal length. 
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The more usual method of determining the dispersive 
power of a substance is to find its refractive indices for two, 
or more, wave-lengths. 

Often the C and P hydrogen lines are used, so that the 
dispersive power may be written as 

~ P'0 

’ 

where 

fx — - 

Sometimes the refractive index for sodium light, the 
T> line, is taken for the mean refractive index, in which case 
the dispersive power is written as 

““ Mo 

So dispersive power may be defined as the difference 
between the refractive indices for any two wave-lengths, 
divided by the mean refractive index minus one. 

£J.g. 

Crown glass = 1-521, = 1*513, 

Double dense fiint glass /xj, = 1-721, fZQ = 1-697. 

Dispersive power for crown glass 

•008 
“•517 
= •0155. 

Dispersive power for fiint glass 

-024 

= •0339. 

Thus the dispersive power of flint glass is about twice 
that for crown glass. 
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Achromatic Combinations of Lenses . — By suitably com- 
bining two lenses of different types of glass it is pos- 
sible to produce a resultant lens which is free from 
chromatic aberration over certain wave-lengths. Such a 
combination is said to be achromatic for the range of 
wave-lengths. 


(a) Lenses in contact. 

Let the focal lengths of the constituent lenses be /j. and /g, 
and let the dispersive powers be denoted by and 
respectively. Then if the focal length of the combination 
is F, we have 

i-l i 

which, differentiated, gives 




Now for no chromatic aberration d^F=:0, i.e. the focal 
length is the same whatever the cblour of the light. 
Consequently 


<^/i ^ 


But 


Hence 



and 


h 


= D, 



A 


= 0 


is the condition for an achromatic combination. Since 
both and Dg are always positive, the focal lengths must 
be of opposite sign. Thus one lens is convex while the 
other is concave, so that the dispersion caused by the 
convex lens is exactly balanced by the dispersion in the 
opposite direction caused by the concave lens. 
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(6) Lenses separated by a distance. 

If the two lenses are separated by a certain distance they 
may both be of the same material and may also be of the 
same type, i.e, both conTex. The focal length F of such 
a system has been shown (p. 69) to be 


CONVENTION A 

1 — 


CONVENTIONS B and C 

i-1 1 

^ A A AA 


Differentiating, with F, and as variables, we have 


-pi' 


^fi <^A «(A^A +A<A) 

"A^ 


A' 




a(A^A+A^ 

S'" A" A^ AA^ 


iZF Di Da a _ _ dF D. De> a 


where Di and Dg are the respective dispersive powers. 
But for lenses of the same material 


Di — Dg. 

Also the condition for achromatism is 

dF = 0. 


Hence 


or 


CONVENTION A 
1 1 


2a 


A 


A AA’ 
A+A 


a= - 


CONVENTIONS B and C 

„ I 1 2a 

Hence 7- +7 = 7-7, 
Ji J2 J1J2 


or 


a = 


A +A 


is the condition for no chromatic aberration. So chromatic 
aberration may be eliminated by using two convex lenses 
at a distance apart equal to the mean focal length. This 
fact is made use of in most optical instruments where an 
eyepiece consisting of two lenses is used instead of a single 
lens. 


7 
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EXAMPLES ON CHAPTEB IV 

1. What is meant by a caustic curve (or caustic surface) in geo- 

metrical optics? Discuss from this point of view the image of a 
point object formed by refraction at a plane surface separating a 
dense from a less dense medium, as well as the images formed when 
parallel light is incident axially (a) on a spherical, (6) on a parabolic 
concave mirror. (Camb. Schol.) 

2. Discuss the defects of a simple lens when used for the formation 

of images. (Camb. Schol.) 

3. Discuss^ briefly two of the principal defects to be found in the 

image produced by a single lens. (Camb. Schol.) 

4. Give a diagram, showing how a ray of light is dispersed by a 
prism. 

The image of a very small source of white light is thrown on to 
a screen by a convex lens. If the screen is brought nearer the lens, 
the spot of light is enlarged to a round patch and its edge is coloured. 
How do you explain this ? (Bond. Inter.) 

5. Explain carefully why chromatic aberration is not apparent 
when a simple convex lens is used as a magnifying glass. 

A narrow slit, illuminated by white light, is viewed (a) through a 
prism, (6) through a slab of glass with parallel faces. Describe and 
explain any differences you would observe. (I^ond. H.S.C.) 

6. Explain the dispersion produced by a simple lens, and show 
how the defect may be corrected. 

Why is such correction unnecessary in the case of a simple convex 
lens used as a magnifying glass held close to the eye ? (O. & C.) 

Define dispersive power. Bind the relation between the focal 
lengths of two thin lenses in contact in terms of the dispersive 
powers of the materials of which they are made, in order that the 
combination may be achromatic for two colours. (Bond. H.S.C.) 

8. Explain the terms dispersion, dispersive power. 

What is an achromatic combination of lenses ? Describe its 
construction and explain its action. (Bond. H.S.C., Subsidiary.) 
^9. Find the condition for no chromatic aberration of a Ions system, 
the lenses being of the same material and being separated by a 
distance d cm. 

Discuss the advantages of an eyepiece, consisting of two lenses, 
over a single lens for us© as the eyepiece of an optical instrument. 

10. A convex lens, of focal length 30 cm,, achromatic for the two 
hydrogen lines C and F, is to be constructed from two lenses — one 
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of crown glass and the other of flint glass. Find the focal lengths 
of these lenses if' 

IXQ = 1-5145 = 1-5230 for crown glass, 

IXQ = 1-6444 = 1-6637 for flint glass. 

'11, Explain how it is possible to construct achromatic lenses. 
Why did Newdon consider it to be impossible ? 

An achromatic telescope objective of 100 cm. focal length is to 
be formed with two lenses made of glass specified below. Find the 
focal length of each of these lenses, stating whether it is divergent 
or convergent. 

fL red fi blue 
Glass A . . . 1-5155 1-5245 

Glass B . . . 1-641 1-659 

(N.) 
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When using a thin lens distances are always measured 
from the centre of lens. The focal length is the distance 
from the centre of the lens to either focus. But if the lens 
is a thick one, or is made up of several lenses, the distance 
from its centre to one focus is different from the distance 
to the other focus, and neither distance equals the focal 
length of the lens or lens system. Also if an attempt is 
made to determine the focal length by any of the simpler 
methods, involving measurement of such quantities as 
u and V, we do not know from which point of the lens we 
should measure these distances. 

However, it can be shown that there are two points or 
planes from which distances may be measured in all cases, 
and the simple formula for lenses may be applied as usual. 
These points are called principal points, and are defined 
as conjugate points on the axis of the lens for which the 
magnification is unity. On account of this latter fact 
these points are sometimes known as unit points. The 
planes which are perpendicular to the optic axis and which 
contain the principal points are called principal planes. 
A similar term, unit plane, is used in connection with unit 
points. Considering first the simple case for a thin lens, 
the condition for unit magnification is 

USING CONVENTION A | USINa CONVEICTION B | USINa CONVENTION C 


” = 1, or v^u. ~ = 1, or 
u u 

.,111 ^,111 

Also = -r. Also = 

V U f V u f 

The only solution The only solution 
is V —u =0. is V =u =0. 
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-- =1, OT V = -u. 
U 

1 1 1 

Also 

V U J 

The only solution 
is V = u ^0. 



THICK LENSES 


97 


Thus the principal points Hg are both at the centre of 
the lens, and the action of the thin lens may be represented 
by the diagram, in which is the first principal focus, and 
Fa the second, OK and IL the object and image respectively, 
the planes through Hi and Hg being the principal planes. 



It will be seen that a ray from K is taken parallel to the optic 
axis, meets the first principal plane at Pi, the second at Pg 
at the same height , and then passes through Fg. Another ray 
from K passes straight through Fi, and then becomes parallel 
to the optic axis after meeting the first principal plane at Qi. 

In the case of the thin concave lens the construction is 
similar, but now the focal points are reversed and the rays 



only appear to pass through these points. The construc- 
tion is carried out in exactly the same manner as before. 

We may now consider the positions of the principal and 
focal points of a thick lens. Here the principal points are 
separated, but the graphic method for fi.nding the position 



of the object may be carried out as before. Fig. 80 
shows the construction for a thick bi-convex lens with 
unit planes at Hi and Hg. Thus if is measured, from the 
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first principal plane, and v from the second, the general 
equation for lenses is still applicable. 

Nodal Points . — So far, the assumption has been made 
that the lens is in one medium, but if this is not the case 
and the medium on one side of the lens is different from 
that on the other, it is necessary for us to consider two 
more points on the axis. These are termed nodal points, 
and are such that a ray passing through one emerges in a 
parallel direction through the other. For a thin lens these 
points are obviously coincident at the centre of the lens. 
Let C and D be the centres of curvature of the faces of a 
thick lens in a uniform medium, and let the lines CX, DY 
he parallel. Then the tangents at X and Y must be par- 
allel, and thus a ray inci- 
dent at Y will proceed in a 
parallel direction on emerg- 
ing, provided it passes 
through X. The path of the 
ray may be seen to beZYXO. 
If the incident and emergent 
rays are produced forwards 
and backwards respectively, 
they cut the axis in Nj and 
Ng, the nodal points. 

It will now be shown that the nodal points coincide with 
the principal points for a thick lens in a uniform medium, 
but not if the lens is separating two different media. 

Let FiB be an object in the first focal plane of a lens, 


G 


E 

s 



Hi 

A/-" 

I 

D Cl 

Fig. 82. 

1 



the principal and nodal points being denoted by Hi, Hg, 
and Xi, X2 respectively. Then a ray emerges from 
the lens in the parallel direction X2A. 




99 


THICK LEKSEIS 

Let the incident and emergent * ravs. cut the principal 
planes at C and J> respectively. Jilieh since principal 
planes are planes of unit magnificatiox CH, and 

since parallel, 6 t 

]Srj]Sf2=HiH2. Thus the distance between the noaal points 
equals the distance between the principal points. 

Now let BE be a ray from B parallel to the axis and 
cutting the first principal plane at E. The emergent ray 
leaves the second principal plane at an equal distance from 
the axis and passes along GFg. Since B is in the focal 
plane, all rays from it must be parallel after passing through 
the lens. Thus GEg is parallel to DA and also to BNi. 
Consequently the triangles BE^Ni ^/Ud GH2E2 are con- 
gruent, and EiNi = H2E2. Thus 

-- NxF, =H,F, -hFiNi =:HiF, + HgFg =/, +U 

If the lens is in a material of uniform density the focal 
lengths fi, /g are equal but opposite in sign, and so HiNi 
is zero, or the nodal points coincide with the principal 
points. But if the lens separates two media of different 
refractive indices, and /g will not be equal, so that HiNi 
will not be zero. 

The principal points, the nodal points and the focal 
points of a lens, or system of lenses, are called the cardinal 
points. In order to determine these points for a lens 
system the focal points are obtained, and then the focal 
length found by methods to be outlined. Thus the 
positions of the nodal and principal points are found. 
The simplest method for finding the focal points is to place 
a plane mirror behind the lens system so that the mirror 
is perpendicular to the axis of the lenses, and an object 
placed in front of the system is made to coincide with its 
image. The object is then at one of the foci, and the 
second focus may be found similarly. Methods for the 
determination of the focal length of thick lenses' will now 
be considered. 
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1. Magnification Method , — each term in the lens 
equation is multiplied by v the equation becomes 


or since m ■ 


CONVBimON A CONVENTION B CONVENTION C 

1 Jt9 I 1 -I" — ~ 

« / U f u f 

V . V , ^ 

or since m or since m = - or since in = - ~ 

U 'll ^ 

1 —m l—m=“ l--7?i=™ 

f f f 

where m is the magnification. 

In this equation v and m can be varied so that by 
differentiation we obtain 

, dv 

or 


Accordingly / is obtained by measuring the change in v 

the actual value not being required — and by finding also 
the consequent change in m. 

In the experiment the object is usually an illuminated 
glass scale, and the image is formed on a ground glass screen 

placed on the opposite 


Distance 

of 

Image 

from 

fixed 

Point 



side of the lens system. 
The distance of this 
screen from some fixed 
point, such as the near- 
est face of the lens 
system, is measured, and 


the relative size of the 

Fia. 83. ^ Magnification i^iage to object is found. 

A series of such readings is obtained, and then a graph is 
plotted between the distance of the image from tiie fixed 
point and the numerical magnification. The graph is a 
straight line, the slope of which gives a numerical value for/. 
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2. Displacement Method , — If the object and the screen 
on which the image is formed are at a distance apart 
greater than four times the focal length (numerically), 
there are two positions of the lens for which clear images 
are formed, provided the lens or system acts as a converg- 
ing lens. Then from measurements of the distance 
between the two positions of the lens the focal length 



may be determined. Let the distance between object 
and screen be x and that between the two positions of the 
lens loQ d. Also let u, and v, v* denote the distances of 
object and image from the respective principal planes. 

It is seen from the diagram that 


CONVENTION A 

U — —v' , u' = -V. 
Now x=u - V 
and d=u-u' 

= U’-\-V. 

x-\-d 

xuLua to = — - — 

2 

, d-x 
and v = — - — . 

2 


CONVENTION B 
u = —v', u' = —V. 
Now x—v —u 
and d—v'-v 

z=z ~ {u-\-v). 

Thus — 

, X —d 

and V — 


CONVENTION C 

u=^v\ u' =^v. 
Now X -Hv 
and d=-u—u' 
~v, 

X -^d 

Thus u = 

JL 

^ x-d 
and v = 


But - 

V 


2 

d - X 


1_1 

u~f 

2 

'xTd~~~f 



11 


But 


111 
- -t ~ — 7? 
V u f 


-d^x + d f 


' ' x — d ^ x+d /’ 
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or 


CONVENTION A 

4a: 1 

’ ‘ /’ 
, d^-x^ 


CONVENTION B 

4a; 1 


or / 


f 


4a: 


or / 


CONVENTION C 
4a; 1 


4x 


As a result only the distances d and x need foe measured 
in order to give a value for /. 

3. Minimum Distance Method , — It has already been 
shown that for a thin lens the minimum distance between 
object and image, for the image to be real, is four times 
the focal length (numerically). In the case of a thick lens 
this has to be modified owing to the distance between the 
principal planes, and if this distance is t then the minimum 
distance between object and image is 

Now the distance between the two principal foci of a thick 
lens is 2f + t, Hence if the positions of these foci are deter- 
mined by aid of a plane mirror, as already explained, this 
distance (2/+^) may be measured. In addition the object 
may be placed so that it is at a minimum distance from 
the real image which is formed, as described for thin lenses. 
Thus the distance {4f + t) may be measured. Knowing (4/ + 1) 
and (2/ + t)j then by subtraction a value for/ may be obtained. 

4. By Use of Newton^ s Formula . — It is nob possible to 

measure distances from the principal b^it in this 

method all distances are measured from the focal points. 



The experiment is exactly the same as the n and v method, 
and may be applied to a thick lens or lens system whether 
that be convex or concave. Instead of measuring and 
the distances of the object from the first focal point and 
of the image from the second focal point are found. Let 
these distances be p and q respectively. 
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Then for a convex system 


COHVEKTION A 
^=HiO =p 
and v=llj-=f + q- 
Substituting in 
1 _1 _1 
V u f 

_1 l___l 

Z+g' !P-f~f 
or pf-r-f-qf 

whence /^ = - ^q- 

Since p (=TiO) is 
positive and q 
( = T 2 I) is negative 
the right - hand 

side of the equa- 
tion is positive, 
and a real value 
results for /. 


CONVENTION B 

u=li, 0 =p ^/, 
and V — Hgl =/ 4- q^ 
Substituting in 
1 _1_1 
V u'~f 

_1 

J+q p-f~f 
or Pf-P-P~qf 
=Pf-Qf-f^+Pi. 
whence -pq> 

Since p ( =FiO) is 
negative and q 
( =^ 2 !) is positive 
the right - hand 
side of the equa- 
tion is positive, 
and a real value 
results for /. 
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CONVENTION C 
^ = HiO =p +/, 
and V = H 2 I =/ + q. 
Substituting in 
111 
V u f 
1 _1 1 

f+q^p +f~f 
or pf+f+P+qf 
=pf+qf+P+pq, 

whence =pq- 

Since p ( =FiO) and 
q ( =F 2 l) are both 
distances along 
which the light 
actually travels 
they are both 
positive, so that a 
real value results 
for/. 


5. By Measurement of the Magnification and Distance 
between Object and Image , — Taking m as the magnification 
and X as the distance between object and image, we have 


CONVENTION A 

l-m=j. . . (1) 
and 

X =u -V, 

Thus 

mx = ~ [qi- v) 


CONVENTION B 

1 •••(!) 

and 

x = v -u. 

Thus 

mx = -{v - u) 
u 


CONVENTION C 
1 -m=^ . . . (1) 
and 

Thus 

V 

mx = - ~iu +v) 
u 
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CONVENTION A CONVENTION B CONVENTION C 

or or or 

mx==v{l -m) . . . i^) mx-v{m-l) . . . (2) rnx = v{m -1) , , , [2) 

From (1) and (2) From (1) and (2) From (1) and (2) 
we have we have we have 

Conseqnently only m and x need be determined to yield 
a value for /. 

An illuminated scale is used for object, and the image is 
formed on a ground-glass screen. The size of the image is 
found and the distance between the scale and the screen 
is measured. It should be noted that this method is only 

applicable when the image is 
a real one, and consequently 
the magnification is negative, 
showing that the image is 
always inverted. If several 
readings are taken and a 
graph of mx against 
is drawn, this graph is a 
straight line passing through 
the origin, and the slope gives 
a value for /. The slope is negative since m is a negative 
quantity. 

When the focal length of the lens or system has been de- 
termined, the positions of the principal points may be found 
by measuring back from the foci. It is advisable to make 

■*-<■ - 0*0 '^ 2 ’5 cms. -> 

Hg Hi 
Fio. 87. 

a diagram representing the positions of cardinal points, as 
in the example, so that the action of the system may be 
seen clearly. 


(Um)^ 


e( 


Slope = tan 6 =-f 
Fig. 86. 
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EXAMPLES ON CHAPTER V 

1. Show how to find the position of the image of a given object 
formed by two thin, coaxial, convex lenses of focal lengths and 
/a, and d cm. apart. What advantages result from the use of two 
lenses instead of one lens in the eyepiece of a telescope ? 

(Lond. Inter.) 

2. What are the cardinal points of a lens system ? 

Two thin lenses, with axes coincident, are placed 4 cm. apart, 
and their foci are found to be on opposite sides of the system and 
26 cm. apart. One focus is 12 cm. from the nearer lens. If the 
focal length of the system is 16 cm., find the positions of the prin- 
cipal points. 

3. A convex lens and a concave lens have their axes coincident, 
and are 6 cm. apart. Determine the positions of the foci if the 
focal lengths are 16 cm. and 20 cm. respectively. 

4. An illuminated scale is placed on one side of a lens system and 
an image is formed on a screen on the opposite side of the lenses. 
In this position the magnification is 0*8, and the screen is 16 cm. 
from a fixed point on the lens system. The scale is moved and 
another position is found for the screen so that the image is distinct. 
The magnification is now 3*6, and the screen is 30 cm. from the fixed 
point. Find the focal length of the system. 

6. Two similar plano-convex lenses are placed in contact. The 
radius of curvature of the curved face of each is 20 cm., and the 
refractive index of each lens is 1*6. Find the focal length of the 
system and determine this value when the lenses are separated by 
5 cm. and then by 10 cm. 

6. Describe any method by which you could determine the 
positions of the principal and focal points of a thick lens. 

7. Find the positions of the cardinal points of a sphere of glass 

= 1*5), of radius 3 cm. 

8. A double -convex lens has a thickness of 2 cm. along its axis, 
and has spherical surfaces each of 10 cm. radius. 

Obtain the position of an image due to an object on the axis and 
30 cm. from the nearest surface =1*60). (Camb. SchoL) 



CHAPTER VI 

THE EYE AND ITS DEFECTS 

The eye is nearly spherical in shape, the skin of this sphere 
being opaque except for a small circular section. This 
skin S is called the sclerotic, while the transparent part is 
termed the cornea 0. The inner surface of the sclerotic 

at the back of the eye is 
covered with nerve tis- 
sues which are sensitive to 
light. This is called the 
retina, R, and light from 
infinity is focussed on this. 
Q The greater part of the eye 
is filled with a liquid called 
the vitreous humour, V, 
the refractive index of 
which is 1 *34. Behind the 
cornea is a chamber called 
the anterior chamber, A, 
which contains the aqueous humour (/x = 1 *34). Separating 
this from the vitreous humour, which is contained in the 
posterior chamber, is the crystalline lens L. This lens con- 
sists of a number of layers which increase in density as we 
pass to the centre, so that the refractive index is different 
for each layer. The average refractive index is between 
1*43 and 1*44. The central section of this lens is called the 
pupil, P, while acting as a stop or diaphragm just in front 
of lens is the iris, I, which is coloured. This may open or 
close to some extent in order to regulate the amount of 
light which enters the eye. Connecting the lens to the 
inner surface of the sclerotic is an annular tissue containing 
the ciliary muscle. This muscle can alter the curvature 
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of the crystalline lens, and by so doing can change the 
focal length so that objects at infinity or near to the eye 
may be focussed. This change in focal length is called 
accommodation. Two points on the retina which are im- 
portant are the fovea centralis, F, a small hollow in the. 
surface where the sensitivity is a maximum, and the blind 
spot, B, where the optic nerve enters the eye. 

The eye thus bears a resemblance to the camera in that 
it can focus objects either near to, or at a distance. With 
^the normal eye the nearest point of distinct vision is 
about 10 inches away, although by straining the eye it is 
possible to see objects much nearer to the eye than this. 
The far point or the furthest point of distinct vision is at 
an infinite distance away. 

Defective Eyesight , — It has been pointed out that in the 
normal eye parallel light is brought to a focus on the 
retina when the eye is at rest. Two of the most common 
defects of vision are due to the light coming to a focus 
either in front of or behind the retina. 

1. Myopia . — The myopic eye is generally longer than 
the normal eye, so that parallel light is brought to a focus 
in front of the retina. Thus the far point is not at infinity, 
but is at some finite distance from the eye. The near 
point is usually nearer to the eye than for the normal eye. 



In order to correct for myopia, parallel light must be made 
to appear to come from F, which is the far point for the 
myopic eye. Thus a concave lens, L, of focal length FL, 
placed in front of the eye will make distant objects appear 
distinct. At the same time the lens will cause the near 
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point to be further from the eye, so that this point is 
approximately at the normal distance away. 

2. Hypermetro^ia . — This defect is due to the eye not 
being sufficiently long, so that parallel rays would be 
brought to a focus behind the retina prorided the eye was 
at rest. By the power of accommodation these rays may 
be focussed, as also may rays from objects closer to the 
eye. But this means that the eye is never at rest when 
looking at any object. Also the near point is farther away 
than for the normal eye; so this defect is often called 


n' 


long-sight. Correction is made by placing a convex lens 
in front of the eye, the focal length, /, of the lens being 
found from 

USING CONVENTION A USING CONVENTION B USING CONVENTION C 

d' d~f d^d^'^f d d'~f 

where = distance of normal near point from the 

lens or from the eye, and d' = LN' = distance of near point 
for hypermetropic eye from lens. 

By this means rays from the point N pass through the 
lens and appear to the eye to have come from N'. The 
distances TiN and LhT' being found by experiment, the 
focal length of the convex lens may be calculated. Thus 
a hypermetropic eye which cannot see objects closer than 
at N' can, by aid of a convex lens, view objects placed at 
N (i.e, at 10 inches away). 

3. Presbyopia , — With increasing age the ciliary muscles 
of the eye deteriorate so that the accommodation power 
becomes less. The presbyopic eye can see distant objects 
clearly, but, owing to loss of accommodation power, nearer 
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objects cannot be observed clearly* In this case the 
crystalline lens of the eye does not bring rays from objects 
near to the eye to a focus on the retina, and a convex lens 
must be placed in front of the eye in order to make the 
rays more convergent. If the accommodation power has 
decreased almost to zero, then the object to be viewed 
must be placed at the focus of the lens. Obviously for 
viewing distant objects no lens is needed. If myopia 
accompanies presbyopia a concave lens is needed to correct 
for the former and a convex lens for the latter. These 
lenses are often combined one above the other, the resulting 
lens being called bifocal. 

4. Astigmatism . — In the astigmatic eye the focal length 
of the crystalline lens is different in different planes, so that 
parts of the object are more clearly focussed than others. 
This is due to the lack of symmetry of the surface of the 
cornea. If a series of lines equally spaced in the form of 
a semicircle are viewed by the astigmatic eye some appear 
more clearly defined than others. In order to correct for 
this a cylindrical lens is required, so that along the plane 
perpendicular to the axis of the cylinder the lens acts as 
an ordinary convex or concave lens, as the case may be. 
Thus in this plane the eye is aided so that rays are brought 
to a focus on the retina. If the eye suffers from no other 
defect the other face of the lens is plane, and the lens 
is termed astigmatic. Often myopia or hypermetropia 
is associated with astigmatism, so the lens must be a 
sphero-cylindrical one, the spherical face being concave or 
convex. 

Many of the modern lenses for spectacles are of the 
meniscus type. Such lenses possess the advantage over 
the ordinary type that no distortion is produced when the 
eye looks at an object not on the axis of the lens. A 
meniscus lens with one face spherical and the other cylin- 
drical is called a toric lens and is used to correct astig- 
matism. 

Power of a Lens . — Opticians are always concerned with 
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the po-wer of the lens, not with its focal length. The power 
of a lens is the reciprocal of the focal length, a lens of short 
focal length being spoken of as a strong lens. The unit 
of power is the dioptre, this being the power of a convex 
lens of focal length one metre. For a convex lens the power 
is positive, while for a concave lens the power is negative. 
Thus in order to find the power of a lens the reciprocal of 
the focal length in metres is obtained, e.g, the power of a 
convex lens of focal length 20 centimetres is 5 dioptres; for 
a concave lens of focal length 8 centimetres the power is 
- 12*5 dioptres. 

The Stereoscope . — It is always possible to estimate the 
distance away of an object when it is observed simuh 
taneously by the two eyes, provided the distance is not too 
great. This is only possible because the eyes view the 
object from slightly different positions. If a photograph 
is examined, however, it is impossible to judge distances 
of objects represented on this, since it reproduces the view 
from one standpoint only. By use of the stereoscope it 
is possible, when observing photographs, to see the scene 
actually as it would appear to an observer. Two photo- 
graphs of the one scene are taken at the same time from 
two slightly different points. These two photographs are 
placed side by side in the stereoscope, and are observed 
through achromatic convex lenses. One photograph is 
viewed by the right eye and the other by the left. The 
axes of the two lenses are not quite parallel, but are so 
arranged that the images of the photographs overlap, so 
that there appears to be only one photograph. The 
various parts of this image appear in relief just as they 
would if the actual scene was viewed by an observer. 

Stereoscopy has been applied in the examination of 
tracks of a particles, which are emitted by radio-active 
bodies. Two photographs are taken from slightly different 
angles, and by examination in the stereoscope the actual 
tracks seem to stand out compared with other parts of the 
photographs. 
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In astronomy tlie stereoscope is of great use. The 
relative motions of celestial bodies may be determined by 
viewing in a stereoscope photographs of some part of the 
sky taken at intervals. By taldng photographs of the 
moon from different positions and examining these stereo- 
scopically it has been found possible to measure the depths 
of craters on the moon. In a similar manner surveys of 
land surfaces can be made by viewing, in a stereoscope, 
pairs of aerial photographs. Such photographs are taken 
from slightly different viewpoints so that the appearance 
of solidarity results when a stereoscopic examination is 
made, and contour maps may be drawn up from a series 
of these photographs. 

The same principle of stereoscopic vision has been em- 
ployed in the design of certain optical instruments, in- 
cluding range-finders. For distances greater than about 
600 yards the stereoscopic effect is too small if only the 
eyes are used. By using two parallel telescopes — one for 
each eye — the range may be extended, and distant objects 
made to stand out in relief. In a similar manner two 
microscopes may he used for viewing small objects. These 
instruments are dealt with more fully in the next chapter, 
where other optical instruments are also considered. 


EXAMPLES ON CHAPTER VI 

1. Draw a diagram showing a section of the human eye, labelling 
those parts of special interest in the study of its optical behaviour. 

An eye from which the lens has been removed may be considered 
to he filled with a homogeneous medium of refractive index 4/3. 
If the distance of the cornea from the retina of such an eye is 2*2 cm., 
and the radius of curvature of the cornea = 8 mm., find the focal 
length of a spectacle lens which, placed close to the eye, will enable 
it to focus a distant object on the retina. (N.) 
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2. Compare and contrast the optical arrangements of the human 
©ye and those of a photographic camera* 

A short-sighted person can only see objects distinctly if they lie 
between 8 cm. and 100 cm. from the eye. What spectacles would 
he require in order to see a star distinctly ? With these spectacles 
what would be the least distance of distinct vision? (Lond. Inter.) 

3. A person whose nearest distance of distinct vision is 15 cm. 

uses a lens of 6 cm. focal length to magnify a small object. What 
is the distance away of the object when in focus, and what magni- 
fication is obtained ? (Lond. Inter.) 

4 . A convex lens of 2 in. focal length is held 1 in. from the eye 

by a person with distance of distinct vision of 9 in. so as to look at 
a small object. Where must the small object be placed ? Illustrate 
your answer by a figure. (Lond. Inter.) 

5 . Give a brief general account of the eye as an optical instrument. 
Suppose a short-sighted eye can see an object clearly only when it 
is placed at a distance not exceeding 8 in., what kind of lens should 
be used, and of what power, in order that if placed close to the eye 
it would enable objects that are 48 in. away to be clearly seen? 

(Lond. Inter.) 

6 . A person cannot see objects closer than 40 cm. from the eye. 
Find the power of the lens required to enable him to see objects 
up to 26 cm. from his eye. 

7. A person wearing spectacles looks over them and is able** with 
one eye to see the moon both directly and also through one of the 
lenses. The image of the moon is found to be displaced down- 
wards through a distance of one moon diameter. Assuming the 
moon to subtend an angle of 1® at the eye, and the diameter of the 
spectacle lens to be 3 cm,, find the focal length of the lens and 
explain the defect of vision which it is designed to correct. 

(Camb. Schol.) 
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The Magnifying Glass , — The nearer an object is to the eye 
the larger is the angle it subtends. In order for the 
object to be seen clearly it cannot be brought closer than 
the nearest point of distinct vision without unduly strain- 
ing the eye. But if a convex lens is placed close to the eye 
the object may be brought nearer and still be seen clearly. 
Thus the angle subtended by the object is increased, or, 
in other words, the object is magnified. A convex lens 
used in this manner is called a magnifying glass. The 



object is nearer to the lens than the focus, and a virtual 
image is obtained. If the image is formed at the nearest 
point of distinct vision we may replace v by d, the distance 
of the near point from the eye, in the leUs equation. Thus 


USING CONVENTION A 
1 1_1 
d f 
since v=d, 
d 


m =— 
u 


d 

f 


USING CONVENTION B 
1 1 _1 

d u~f 
since v= —d, 
d 
u 
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USING CONVENTION C 
1 1_1 
d'^u~f 
since v= - d, 


m - 


d 


u 


1 ^ 

:I+^. 
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For good magnification / slxonld be small so that the 
magnification is approximately equal to d/f and is 
positive. 

If a white object is viewed through a simple magnifying 
glass no chromatic aberration is apparent. This is due to 
the fact that the separate images formed by the different 
coloured rays subtend exactly equal angles at the eye, 
and so completely overlap. Let L be the length of the 
object, and fr the focal lengths of the lens for blue and 
red light respectively, and the corresponding xiis- 

tances away of the blue and red images. Then the length 
of the blue image 


and length of red image 





Each image subtends an angle at the eye, the angle 
' 1 \ » ■ •» « -I / d,f^ 1 \ L 




or — in the former, and ( -~^L- 

^ n d. 


u 


\ ^ . 

■ ) or — ir 


d^/ 

the latter case. 

Thus, provided the lens is close to the eye, the angle 
subtended is the same in both cases, and there is no 
chromatic aberration. 

Eyepieces . — In practically all optical instruments a lens 
is used in order to magnify an image formed by another 
lens. The disadvantages of using only one lens for this 
purpose are that both chromatic and spherical aberration 
can occur to such a degree that the accuracy of measure- 
ments is impaired. In order to eliminate or reduce 
these defects two lenses are substituted for the one, 
and the system is called an eyepiece. Two of the most 
important eyepieces are due to Ramsden and Huygens 
respectively. 

Ramsden^ s eyepiece consists of two plano-convex lenses 
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of equal focal lengths, separated by a distance equal to 
two -thirds of the numerical focal length of either lens. 
The convex faces are towards each other so that spherical 
aberration effects 
are reduced. Xha 
condition fo r a ckcQ - 
matism is not a uiie 
^btaine but chro- 
matic aberration is reduced and may be eliminated by 
using two achromatic lenses. 

The focal length of the combination is — , where /is the 



focal length of either lens, and the focus F lies outside the 
lenses at a distance of from the nearer lens. It is at 
this point that the image formed by the objective falls, and 
the cross-wires are placed here. This is a great advantage, 
since for measurement the image can always be brought to 
a definite point where the wires cross each other. So an 
image is formed on the cross-wires, and then a magnified 
image of these is seen on looking through the eyepiece. 
Ramsden’s eyepiece is thus known as a positive eyepiece, 
since the cross-wires are on the positive side. 

^^Huygens^ eyepiece consists of two plano-convex lenses, 
with the convex faces towards the object, the focal lengths 
being in the ratio of three to one. The eye lens {i,e. the^ 
one nearer the eye) is the stronge r one, and the distance 
between the lenses is twice the focal length of this lens. 



This eyepiece was designed to minimise spherical aberra- 
tion by producing equal deviations at each lens to a ray 
initially parallel to the axis. Chromatic aberration is 
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entirely eliminated, since the distance between the lenses 
is half the numerical sum of the focal lengths, 

3f 

The focal length of the eyepiece is where / is the focal 


length of the eye lens, and the jSrst principal focus, T, lies 

/ 

between the lenses at a distance - from the eye lens. The 


rays from an object, after passing through the objective of 
the instrument used, converge towards this point, but no 
image is formed here since the rays first meet the field lens 
{i.e. the lens in the eyepiece nearer to the object) and are 
consequently deviated. So with this eyepiece no cross- 
wires can be used, and as the image formed by the objec- 
tive is on the negative side of the field lens the eyepiece 
is called a negative eyepiece. 

The Telescope , — This instrument is used for viewing 
objects at a large distance. Although the principle was 
described by Roger Bacon in 1250, telescopes were not 
constructed until the beginning of the seventeenth century, 
when they were used chiefly for astronomy. Telescopes 
are of two types — ^refracting and reflecting, the former 
consisting of a lens and an eyepiece, the latter being made 
up of a mirror and an eyepiece. 

y/The Astronomical Telescope , — In this instrument an 
image of a distant object is formed by a convex lens, and 
the image is observed through an eyepiece acting as a 
simple magnifying glass. Since the eyepiece acts in a 
manner similar to a single lens, the telescope is shown in 
the diagram to consist of two lenses alone, the lens nearer 
the object being the objective, and the other the eye lens. 
Three rays from the top and three from the bottom of the 
object are taken in order to define the position of the 
image. These rays passing through the objective form 
a real inverted image, AB, and continuing through the 
eye lens appear to have come from IM. Thus IM is the 
final image, virtual and inverted. This image may be 
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situated anywhere between the near point of the eye and 
infinity so that it may be seen clearly, but for the eye to 
be at rest during observations the image should be at 



infinity. If cross-wires are used in this telescope they are 
situated at AB in the focal plane of the objective. 

Magnifying Power of a Telescope . — telescope magnifies 
in that it increases the angle subtended at the eye. Let x be 
the distance of the object from the objective, and let I be 
the length of the object. Then since the length of the 
telescope is negligible compared with the distance x, the 
angle subtended by the object at the eye = Ijx. 

If the image AB is distant v from the objective and % 
from the eye lens, while the final image IM is at a distance y 
from the eye lens, then the magnification at the objective 
is -vjx and at the eye lens is yju. So the length of IM is 

V V Iv 

-I- — , and the angle subtended at the eye= . 

XU ® xw 

The magnifying power is the ratio of the angle subtended 
at the eye by the image to the angle subtended by the 
object. Thus (all distances being counted positive) 

. Iv 1 1 V 

magmfying power = / -= — . 

xuj X u 

Now if the object is a large distance away, v=F, the 
focal length of the objective. Also for the image IM to 
be seen without eye strain AB must be at the focus of the 
eye lens, and u =/, the focal length of this lens. In tMs 
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case the magnifying power = 


F 


/■ 


Consequently to obtain 


high magnification the telescope should consist of a long 
focus objective and a short focus eyepiece. The negative 
sign for the magnification merely indicates that the image 
is inverted. It should be noticed that this result is a 
special one, obtained only when the object and the final 
image are at infinity. But even if these conditions are 
not reahsed exactly, the approximation is so small that 


F 

the value obtained, — y, may be taken as correct except 

when the object is brought to within a short distance of 
the objective. In this case the instrument acts as a com- 
pound microscope, and a different value for the magnifying 
power is obtained. 

Determination of the Magnifying Power of a Telescope . — 
The telescope is focussed on a scale which is placed a large 
distance away. The scale is observed directly with oiie 
eye and through the telescope with the other eye, so that 
the image is seen superimposed on the scale itself. The 
ratio of the number of actual scale divisions to the number 
of divisions seen through the telescope and corresponding 
to the same distance gives the magnifying power. 

%^/Tlie Terrestrial Telescope . — ^In viewing celestial bodies 
it does not matter whether the image is upright or inverted. 
For terrestrial objects the astronomical telescope would 
be useless, since in this case the image seen must be 
upright. In order to obtain this a third convex lens is 



needed, this lens being called an erecting lens. A real 
inverted image AB is formed as usual by the objective. 
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and the light passes on through the erecting lens E to 
form a second real image, CD, upright, and the same size 
as AB. 

The image CD is observed through the eye lens in the 
usual manner, the final image being both virtual and 
upright. The distance between AB and CD is four times 
the focal length of the erecting lens, so that this lens 
should be as strong as possible in order to keep the telescope 
from being too long. Instead of one lens two plano-convex 
lenses are often used, so that by producing eq[ual deviations 
at each surface spherical aberration may be reduced. In 
the diagram two rays from the top and bottom of the 
object only are considered for the sake of clarity. 
*^alileo’s Telescope . — Here the eye lens is concave, and 
the resultant image is virtual and upright. An inverted 
image would be formed at AB by the convex objective, 
but before this is formed the converging rays pass through 
the concave eye lens, giving rise to the virtual, upright 
image IM. The magnifying power of this telescope may 
be found as for the astronomical telescope, and is the ratio 
of the focal length of the objective to the focal length 
of the eye lens, numerically. In addition to forming an 
upright image another advantage of Galileo’s telescope is 
that it is shorter than the corresponding astronomical 
telescope. On account of these two facts, opera glasses 



may be constructed on the principle of Galileo’s telescope. 
The chief disadvantage of this instrument is that cross- 
wires cannot be included, so that it is impossible to use 
it for making measurements. Cross-wires are always 
situated at the place where the real image is formed, so 
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that the final image and the magnified image of the cross- 
•wires are seen through the eye lens together, without there 
being any parallax between them. 

In all telescopes the objective or object-glass is larger 
than the eyepiece. The reason for this can be seen from 
the diagram, in which it is assumed that the object and 
the final image are at infinity, and that the lenses have 
diameters just sufiScient to accommodate the beam. Thus 



diameter of objective focal length of objective 
diameter of eye lens ~~ focal length of eye lens 

= magnifying power (numerically). 

As will be seen later, the resolving power of a telescope 
depends on the size of the objective, so that this lens is 
made as large as possible, the diameter of the eye lens or 
eyepiece having a value in accordance with the above 
relation. Also the larger the objective the greater is the 
intensity of illumination of the final image. 

Mirror Telescopes . — Believing that it was impossible to 
form a compound lens which was achromatic, Newton 
constructed a telescope which had as objective a concave 
mirror, the eyepiece consisting, as usual, of two lenses. 

Parallel light falling on 
the objective is brought 
to a focus at P. Just 
before the rays form 
the image here, a small 
plane mirror is placed 
in their path at an 
angle of 45° with the 
axis of the instrument so that the light is reflected to 
the side. The image is thus formed at I and is viewed 
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tKrougli the eyepiece. Other mirror telescopes based on 
the same principles have been designed by Herschel, 
Gregory and Cassegrain. In the modern mirror telescope 
the mirror is paraboloidal and not spherical. By this 
means spherical aberration is completely ehminated, and 
since the objective is a mirror, there is no chromatic 
aberration. 

Magnifying Power of a Mirror Telescope. — The expres- 
sion for the magnifying power of a mirror telescope may 
be found in exactly the same manner as for refracting 
telescopes. It will be recalled that the expression then 
obtained was 

magnifying power ^vju (numerically), 
where v is the distance of the first (real) image from the 
objective, and u is the distance of this image from the 
eye lens. 

Bor a reflecting telescope we have the same expression. 
Now when the object is a large distance away, 
the focal length of the mirror; also, for the final image 
to be at infinity, w^f, the focal length of the eye lens. 
Consequently the magnifying power is F// numerically, 
indicating that a mirror of large radius of curvature is 
required together with a short focus eye lens. 

Comparison of Refracting and Reflecting Telescopes , — ^The 
chief advantages of mirror telescopes are : 

(1) There is no chromatic aberration. 

(2) Spherical aberration may be eliminated by using 
paraboloidal mirrors. 

(3) Mirrors can be manufactured with larger diameters 
than lenses, and so give a higher resolving power. This 
is a point “bf great importance in astronomy when 
examinations of star clusters and double stars are being 
carried out. 

In refracting telescopes chromatic aberration may be 
eliminated by employing an achromatic objective, while 
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spherical aberration can be reduced — ^but not entirely cut 
out — by use of stops. 

Eor general work refracting telescopes are considered to 
be much better than reflecting telescopes, since the latter 
are less convenient to use and need frequent readjustment. 
It is only when high resolving power is required that the 
mirror telescope is superior, so that this type of telescope 
is not frequently used. 

The largest telescope in the world is the lOO-inch re- 
flecting telescope at Mount Wilson Observatory. This 
telescope was used by Michelson in his interference method 
for determining the angular diameters of stars. 

The biggest refracting telescope is the one at Yerkes 
Observatory. The diameter of its objective is 40 inches, 
and its focal length is 65 feet. 

Prism Glasses , — ^Although Galileo^s telescope is shorter 
than other telescopes, it is inconveniently long and cumber- 
some for field glasses or opera glasses, in which two tele- 
scopes are mounted so that both eyes view the object 
simultaneously. In order to shorten the length of a 
telescope without changing the length 
of path of the rays, two right-angled 
prisms are introduced between the 
objective and the eyepiece. The lenses 
are both convex, but the image is not 
inverted as in the ordinary telescope 
since this inversion is completely bal- 
anced by arranging the prisms with 
their axes at right angles. One prism 
renders the image erect but does not 
affect the lateral inversion, while the 
other prism corrects the lateral inversion 
and so leaves the final image erect and 
the right way round. The diagram 
shows the arrangement of the prisms 
in half the instrument.. The other half is similar so that 
binocular vision is secured. 
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The Periscope . — The principle of the telescope is again 
used in the periscope, where two right-angled prisms are 
included so that the light may be reflected and its direction 
changed. The incident light 
falls on one of the smaller 
faces of a right-angled prism 
and is reflected by this prism 
through the objective O. It 
then passes down the instru- 
ment to an erecting lens, E, 
before reaching a second right- 
angled prism which so reflects 
the light that its direction is 
parallel to that of the incident 
beam. Finally the Hght passes 
through an eyepiece, P, to 
the eye. Cross -wires are in- 
cluded, and are placed in the focal plane of the eyepiece. 

Night Glasses , — ^An object which is so feebly illuminated 
that it cannot be seen by the naked eye can often be seen 
if viewed through a telescope. The reason for this is that 
the parallel beam of Hght reaching the objective becomes 
a much narrower beam of light when it emerges from the 
eyepiece, so that the intensity of illumination is increased 
since the area illuminated is reduced. 

Now, as shown on page 120, 

. diameter of objective 

magnifying power = — : , 

diameter of eyepiece 

showing that an increase in the magnifying power of a 
telescope means an increase in the visibility. There is a 
Hmit to this, however. If the emergent pencil of light 
just fills the pupil of the eye of the observer, then any 
decrease in the diameter of the eyepiece has no eflect as 
regards visibility, since no more light falls on the retina. 
Thus a hmit is reached when the diameter of the eyepiece 
eq[uals the diameter of the pupil of the eye (about. 8 mm.). 
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Let D represent the diameter of the objective and d 
the diameter of the eyepiece, the latter not being less 
than the diameter of the pupil of the eye. Then a beam 
of diameter D becomes a beam of diameter d, so that the 
intensity of illumination is increased in the ratio 
since the intensity of illumination depends on the area 
illuminated. 

Eut T>jd == magnifying power. 

Thus the intensity of illumination at the eye is pro- 
portional to the square of the magnifying power of the 
telescope, neglecting the small loss of light by reflection 
and absorption in the instrument. 

^/^l^e Compound Microscope . — single lens used as a 
magnifying glass does not give high magnification. By 
using two lenses it is possible to obtain a very high degree 
of magnification, so that objects invisible to the naked 
eye can be seen clearly through the microscope. A real 
inverted image of an object OB is formed at AC by means 



of a convex objective. It is essential that this image shall 
be a real one; therefore, OB must be placed beyond the 
focus of the objective. At the same time, since high 
magnification is desired, the distance of OB from the lens 
must not be large, and so the object should be close to 
the focus. The image AC is then viewed through an 
eyepiece, acting as a simple magnifying glass, and a 
virtual image, IM, is formed. It can be seen that magni- 
fication is produced at both the objective and the eyepiece. 

If the focal lengths of the objective and eyepiece are F 
and / respectively, the magnification produced by the 
eyepiece is 
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COKTVENTION A 


CONVEjSfTION B 


CONVENTION C 



where d is the distance of the near point from the eye. Let 
the distances of OB and AC from the objective be u and v 
respectively. Then the magnification at the objective is 


V 

) 

u 


V 

u 


so that the total magnification is 
d\v 1 [ ^ d\v 

I \ fh 


V 

u 



+?)’- 

f/u 


In order to make this as large as possible, both vju and 
djf must be large. The former can be achieved by making 
u very small, which means that F should be small since 
-w must be slightly larger than F, while cZ//is made large by 
taking / very small. Thus both the objective and the 
eyepiece should have short focal lengths. 

In using the instrument the eyepiece is first focussed on 
the cross-wires, and the whole instrument is then moved 
towards or away from the object until a clear, magnified 
image is seen coincident with the cross- 
wires. Often a microscope is used for 
measuring small distances, and it is there- 
fore mounted so that it can be moved 
along a scale, the actual position being 
read ofi by means of a vernier. 

In all microscopes an eyepiece is used 
instead of a single eye lens, while the 
objective also consists of a number of 
lenses. The objectives of high power 
microscopes have (at least) two achro- 
matic lenses separated by a short dis- 
tance, a third lens, almost a hemisphere, 
also being included, its plane face being towards the object. 
An objective of this type has a very small focal length, and 



Fio- 102. 
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can be placed quite close uj) to the object, high magnifica- 
tion resulting. 

Sometimes it is desirable to use a binocular microscope. 
A system of prisms, as indicated in the diagram, is then 
employed so that two beams of light from the object are 
produced and pass through the two microscopes, one for 

each eye. It may be wondered 
why the two parts of this micro- 
scope are not parallel as in 
the binocular telescope. The 
reason is that a microscopist 
uses his eyes for observing ob- 
jects quite close to him, and in 
such cases the rays to the two 
eyes do not move in parallel 
directions. So when an object 
is viewed through a microscope 
there is less strain on the eyes if the two parts of the 
microscope are not parallel. 

y Determination of the Magnifying Power of a Microscope, 
— The microscope is focussed on to a fine scale, divided 
into, say, hundredths of a millimetre. Between the eye- 
piece and the eye a thin piece of glass — a cover slip — ^is 
placed at about 45° so that it will reflect light into the 
eye from another scale, this one being divided into centi- 
metres and millimetres. Thus the eye sees the two images 
superimposed — one being the magnified image formed by 
the rays passing through the microscope, the other being 
formed by reflection and having unit magnification. Then 
if N divisions of the scale viewed through the microscope 
correspond to n millimetres on the other scale, the magnify- 



ing power of the microscope = 100— , since 100 divisions 


on the fine scale equal 1 millimetre. There must be no 


parallax between the two images, so that the centimetre 
scale must be adjusted in position until the images coincide 
exactly. 
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The Sextant . — This instrument is used in order to find 
fche angle subtended by two distant objects. If one of the 
objects chosen is the horizon at sea, then the angle of 
elevation of any other object can be found. A plane 
mirror, M, which maybe rotated about an axis perpendicular 
to the paper is attached to an arm carrying at the end a 
vernier V. The vernier moves over a circular scale AB. 



A second mirror M', of which only half is silvered, the 
other half being clear glass, is fixed so that it is in a plane 
perpendicular to the paper. The instrument is turned to 
view a distant object, an image of which is seen through 
the telescope T, the light having passed through the clear 
part of M'. The mirror M is rotated so that it is parallel 
to M', and so that fight from the same object travelling 
in this direction is reflected from M, falls on M' and is 
there reflected into the telescope. Then M is rotated until 
fight from the other distant object coming from the 
direction S'M is reflected on to M' and thence into the 
telescope. Thus the images of the two objects are seen 
superimposed on looking through the telescope. 

Now the angle subtended by the two objects is SMS^ 
and since a mirror rotates a ray through twice the angle 
it turns through itself, the angle turned through by M is 
half SMS'. 

Conseq[uently the difference in the positions of V on the 
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scale AB for the two positions of M gives half the angle 
subtended by the objects. In order to make the sextant 
give the actual angle subtended directly, each scale division 
equals two degrees. Thus, if M is rotated through an angle 6 
the difference in scale readings is 26, giving directly the 
angle subtended by the objects. If it is required to find 
the altitude of the sun at sea, the line of the horizon is 
taken for one object, the sun itself being the other. On 
land the horizon cannot be used ; instead, the image of the 
sun formed by reflection in a pool of liquid, usually mercury, 
is used. Then the angle subtended by the sun and its 
image is twice the altitude required. 

y The Optical Lantern . — This instrument is designed to 
project a magnified image of an object on to a screen. The 
source of light S is usually rather small in size, and in 
order for the object L, the lantern slide, to be uniformly 
illuminated, a condenser C — ^formed of two large plano- 



convex lenses with the curved faces towards each other — 
is placed between the source and the slide. The rays from 
the slide pass through a focussing lens P, which can be 
moved towards or away from the slide, and then go on 
to the screen. The image formed is thus an inverted one. 
Generally the lens P is replaced by two lenses, forming an 
achromatic combination and also reducing spherical 
aberration so that a clear image results. Since the con- 
denser forms an image of S near to P, there must be a 
minimum of spherical aberration at C. For this reason 
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the two plano-convex lenses are used instead of one lens 
alone. 

Epidiascope , — In some cases it is desirable to project 
an enlarged image of an opaque object. For such pur- 
poses the ©piscope is used. In this instrument a powerful 
source of light S illuminates the object AB, which is 

usually placed on the horizon- 

tal base of the instrument. Q P (I 
The light is concentrated by 
use of condensing lenses C, 
as in the optical lantern. 

The light given out by the 
object is then reflected by a 
plane mirror M through the 
projecting lenses, P, which 106 . 

can be adjusted so that an image of the object is formed 
on a screen. 

Frequently it is convenient to project both transparent 
objects (diascopic projection) and opaque objects. The 
instrument employed for this is called an epidiascope. 
Here the lamp sends out light through condensing lenses 
to large plane mirrors at the sides of the instrument. These 
mirrors are tilted at such an angle that the object is 
brilliantly illuminated. The light given out by the object 
is then projected as previously described. For projecting 
slides with this instrument a separate projection tube, 
with lenses, is used. 

In both the episcope and the epidiascope precautions 
have to be taken against overheating. Since only the light 
diffused from the object is usefully employed, it is essential 
to have a powerful source of light. With lamps of high 
wattage the heat produced is considerable, and in order to 
overcome this heating effect rotating fans are often 
employed. In addition, the object is sometimes covered 
with a plate of heat-resisting glass. 

y The Cinematograph . — Owing to the persistence of vision, 
the eye still sees the image of an object for a fraction of 
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a second, albout after the object has been removed. 

In the cinematograph a series of pictures of moving objects, 
taken at a rate of at least twelve per second, is projected 
on to a screen at the same rate, so that the objects appear 
to move continuously and not in Jerks. The film on which 
the pictures are taken is arranged to move in Jerks, so that 
at each Jerk a fresh picture is brought in front of the beam 
of light and is then projected on to the screen. While 
the film moves during each Jerk a shutter cuts off the 
light and then moves out of the path of the light while 
the next picture is stationary. 

In order to overcome the flickering efiect which is 
present when the film moves in Jerks, a shutterless pro- 
jector has been designed- In this instrument the film 
moves continuously, and the light which passes through 
falls on one of a system of small plane mirrors fixed to the 
outside of a wheel which rotates continuously. Just as 
the picture passes in front of the beam of light the trans- 
mitted light falls on one of the mirrors and is reflected 
through the projecting lenses on to the screen. While this 
picture is moving out of the path of the light, the mirror 
system is also moving, and none of the reflected light is 
projected until the next picture is entirely illuminated. 

In the talking film the image’’ of the sound is formed 
at the side of the pictures on the film. Light shines 
through these images, which vary in intensity, so that the 
intensity of the transmitted light fluctuates. This light 
falls on to a photo-electric cell, causing electrical impulses 
to be set up. These are amplified, and the resulting 
current passed on to loud speakers. 

Tor recording sound the actual systems employed differ 
in details, but they all act on the principle of producing 
a varying electrical current as the sounds vary. This 
current then operates some device, e.g. a shutter suspended 
in a magnetic field, so that the intensity of light which 
falls on the film is made to vary with the sound. 

The Camera , — The simplest type of camera is the fixed 
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focus or box camera, which consists of a light-proof box 
with a lens at one end and the sensitive photographic 
plate at the other. The plate is in the focal plane of the 
lens, so that sharp images of distant objects may he formed 
on the plate. 

In order to take photographs of objects which may be 
at any distance away, a camera of variable length is 
required — the lens-holder being joined to the hack of the 
camera by bellows so that the length of the camera may 
be varied at will. The quantity of light entering the 
camera can be regulated by means of an adjustable 
diaphragm. The diameter of this opening is written as a 
fraction of the focal length of the lens (e,g. //ll). 

Special care has to he taken in the choice of photographic 
lenses. The chief defects of lenses — spherical aberration, 
distortion and chromatic aberration — must he eliminated, 
or poor photographs will result. In order to overcome 
chromatic aberration all lenses are made achromatic over 
the required range of wave-lengths, about 3500 to 5000 
A.U."^ If the camera is for special use with plates sensitive 
to infra-red rays, then it is necessary for the lens to be 
achromatic for the whole range of waves received. The 
ordinary plate is, however, sensitive only to wave-lengths 
less than 5000 A.U. Spherical aberration is much reduced 
if the size of the stop -opening is diminished, but distortion 
can only be overcome by special arrangements of lenses. 

Bectilinear lenses do not exhibit any distortion. Here, 
two achromatic lenses are placed a certain distance apart 
with the diaphragm between them. Each lens produces 
distortion, but these distortions are in opposite directions 
and so balance each other. Such lenses give good results 
provided the stop-opening is small, but for general work 
they have been superseded by the more recent anastig- 
matic lenses. They still, however, are much used for 
portraiture, where the image need be sharply defined only 
over a limited area. 

^ 1 A.U. = 10-8 cm. 
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Anastigmatic lenses are constructed of a special kind of 
glass, Jena glass, so that they produce no curvature or 
distortion even with a large aperture. Such lenses are 
generally used in pairs, and produce an image in which 
the outer parts are defined as clearly as the central portions. 

Telephotographic lenses are designed so that as large an 
image as possible shall be formed of a distant object 
without making the camera so long that it is inconvenient. 
This system of lenses consists of two achromatic lenses, 
one being convex and the other concave as illustrated. 
The distance between the lenses is less than the focal 
length of the convex lens A, so that a parallel beam of 



light incident on A converges towards F, the focus of A. 
Before reaching F the light passes through the concave 
lens B, which reduces the convergency of the beam and 
brings it to a focus at P. If these rays are produced back 
until they cut the original beam at X and Y, then it can 
be seen that the telephotographic system is equivalent to 
a single convex lens placed at XY, its focus being at P. 
Thus the telephotographic camera has an effective length 
which can be made much greater than its actual length. 


EXAMPLES ON CHAPTER VII 

1. A person whose minimum distance of distinct vision is 20 cm. 
uses a magnifying glass of 5 cm. focal length held close to the eye. 
What must be the position of the object examined, and what magni- 
fication is obtained ? 

How would you make a compound microscope with two lenses ? 
Eiscuss the relations between the position of the object, the distance 
between the lenses, and the distance of distinct vision. (N.) 
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2. Explain how a convex lens, held close to the eye, may he 
used as a simple microscope or magnifying glass. 

A man whose least distance of distinct vision is 25 cm. uses a 
convex lens of 3 cm. focal length as a magnifying glass. Find the 
magnification he obtains. Illustrate your answer by a diagram 
approximately to scale. (O, &; 0.) 

3. Explain how a single lens may be used as a microscope, and 
calculate the magnification obtained. 

How would you obtain greater magnification ? (Lond, Inter.) 

4. Discuss the factors which determine the magnifying power 

of (a) a magnifying glass, (b) a microscope. „ (Ox. SchoL) 

5. Explain, with the aid of a diagram, the formation of an image 
by means of a compound microscope comprising two single lenses. 
If the observer sees a distinct image at a distance of 25 cm., find 
the position at which the object must be placed, the focal lengths 
of the lenses being 5 cm. and 1 cm., and the distance between them 
being 20 cm. Calculate also the magnifying power. (Lond. Inter.) 

6. The object-glass of a microscope has a focal length of 1 in., 
and the eyepiece a focal length of 1^ in. The lenses are fixed 
4 in. apart and focussed on an object so as to form a virtual image 
10 in. from the eyepiece. Calculate the magnifying power, and 
make a diagram showing the passage of two rays, coming from a 
point on the object not on the axis, through the microscope. 

(Lond. Inter.) 

7. The objective and the eyepiece of a microscope have focal 
lengths of 2 cm. and 4 cm. respectively, and are placed 15 cm. 
apart. If the final image is situated 25 cm. from the eyepiece, how 
far must the object be placed in front of the objective ? 

8. What kind of lenses would you choose for making a compound 
microscope? How does the magnification depend on the distance 
away of the nearest point of distinct vision from the eye ? 

9. A microscope is used by a person with normal vision, and then 
by a short-sighted person. WHiat change in the position of the 
eyepiece must be made, and how will this affect the magnification ? 

10. A microscope is set up in the laboratory by placing an object- 
glass, of 1*5 in. focal length, 12 in. from an eye lens of 2 in. focal 
length, and setting the object so that the final image, seen by the 
observer, is 10 in. from the eye lens. Compare the angle subtended 
by this image at the eye lens with that which the object subtends 
at a point 10 in. away. 

Point out reasons why the optical arrangement of a real microscope 
is more complicated than that indicated above. (N.) 
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11, Describe a compoimd microscope. How may its magnifying 
power be measured experimentally? (O. & C.) 

12* Draw diagrams to show the course of several rays of light 
through a telescope, starting from a point not on the axis : (a) when 
the eyepiece is a converging lens, (b) when the eyepiece is a diverg- 
ing lens. 

An astronomical telescope is arranged for viewing the moon. How 
will the appearance of the moon as seen through the telescope be 
affected if the lower half of the object-glass is covered with an 
opaque screen? (Dond. Inter.) 

13. Explain what is meant by the magnifying power of an optical 
instrument. 

Describe the construction of a simple telescope containing two 
single lenses. When is the telescope said to be in normal adjust- 
ment ? What is the eye -ring, and where is it situated ? Find an 
expression for the inagnifying power of the telescope (a) when it 
is in normal adjustment; (b) when the eye is at the eye -ring and the 
final image is at the least distance of distinct vision. (Dond. Inter.) 

14. Describe an astronomical telescope, and draw a diagram 
illustrating the passage through the system of a pencil of light 
from a non-axial point on the object to the ©ye. 

How would you determine experimentally the magnifying power 
of a telescope ? ’ (Dond. H.S.C.) 

15. Draw a diagram illustrating clearly the passage of rays through 
an astronomical telescope. 

The focal lengths of objective and eyepiece of such a telescope 
are 12 in- and 1 in, respectively. The telescope is focussed on a 
scale 6 ft. from the objective, the final image being formed 12 in. 
from the eye of the observer. Calculate the length of the telescope 
and the magnification produced by it. (Dond. H.S.C.) 

16. An astronomical refracting telescope is adjusted to give a 
real image of the sun upon a screen. Draw a diagram showing the 
path of a pencil of rays through the telescope to a point on the 
boundary of the image. 

If the focal lengths of the object-glass and the eye lens are 100 cm. 
and 2'5 cm. respectively, and the image of the sun, formed on a 
screen placed 30 cm. from the eye lens, is 9-6 cm. in diameter, find the 
angle which the sun subtends at the centre of the object-glass. (X.) 

17. Describe, and explain the action of, a simple astronomical 
telescope. 

Show how the magnifying power of the instrument can be cal- 
culated. (O. & C.) 

18. A Galilean telescope has an object-glass of 12 cm. focal 
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length and an eye lens of 5 cm. focal length. It is focussed on a 
distant object so that the final image seen by the eye appears to 
be situated at a distance of 30 cm. from the eye lens. Determine 
the angular magnification obtained, and draw a ray diagram. 

What are the advantages of prism binoculars as compared with 
field glasses of the Galilean type ? (N.) 

19. Describe, with the aid of a diagram, the construction and 
mode of action of a Galilean telescope. What advantages has this 
system over that of the astronomical telescope ? 

The objective and eyepiece of a Galilean telescope have focal 
lengths of 25 cm. and 5 cm. respectively. Calculate the angular 
magnification produced when the system is used to view an object 
at a distance of 4 metres from the objective, the final image being 
formed at the minimum distance of distinct vision (25 cm.) from 
the eyepiece. (O. <& C.) 

20. Describe the optical system of a reflecting telescope, giving 

a diagram showing the path of three selected rays from the same 
point not on the axis. Is the image upright or inverted in the 
case you describe? (O. & C.) 

21. Describe the construction of some form of mirror telescope. 
Discuss the advantages and disadvantages of reflecting telescopes 
as compared with refracting telescopes. 

22. Describe the construction of the sextant and the periscope. 

Dlustrate your answer by clear diagrams, and indicate the optical 
principles involved. (Lond. H.S.C.) 

23. Describe the optical arrangement of a photographic camera, 
indicating in general terms how and why the lens differs from a 
simple convergent lens. 

A camera has a convex lens of 7 in. focal length mounted 3 in. 
in front of a concave lens of 6 in. focal length. Compare the size 
of the image of a distant object formed by this combination with 
the size of the image which would be obtained if the convex lens 
alone was used. (N.) 

24. Give an account of the optical system of a simple type of 
photographic camera. 

What are the essential requirements of a good photographic lens ? 

(O. Sc C.) 

25. Explain (a) why telescope objectives are constructed of two 
or more lenses made of difierent kinds of glass, (6) why a camera 
lens working at the aperture //3* 5 is better but more expensive than 
one of the same focal length working at //8, (c) the advantages 
of prism binoculars as compared with those of the Galilean type. 

(H.) 



CHAPTER VIII 

THE SPECTBOMETEB 


One of the most important instrnments nsed in the study 
of light is the spectrometer. It has already heen pointed 
out that for a transparent body the refractive index varies 
with the colour or wave-length of the light. By means 
of the spectrometer it is possible to find the exact wave- 
lengths of the light emitted by luminous bodies, and so to 
deduce their composition. Also, we can find the wave- 
lengths absorbed by various substances. In short, spectro- 
scopy — ^which is a whole science in itself — depends entirely 
on the spectrometer for all measurements. 

The spectrometer consists essentially of three parts — 
a collimator, a turntable and a telescope. The collimator 
is usually fixed, while the telescope can be rotated in a 
horizontal plane about the axis of a circular scale which is 
concentric with the turntable. A vernier is attached to 
the telescope and moves over the scale, which is divided 
into degrees and minutes. The collimator is a metal tube 
having an adjustable slit at one end and an achromatic 



convex lens at the other. The slit is composed of two 
small metal plates with sharp edges, the distance between 
which can be varied by use of a screw. The telescope is 
of the simple astronomical type, with cross- wires and a 
Ramsden’s eyepiece. The turntable may also be rotated 
about the axis of the circular scale, and its position can be 
read off by means of a vernier. 

136 
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Adjustments of the Spectrometer. — 1. The eyepiece is 
moved towards or away from the cross-wires until these 
are clearly visible. 

2. The telescope is adjusted so that a real image of a 
distant object is formed at the cross-wires, i.e. there is 
no parallax between this image and the cross-wires. After 
this adjustment the eyepiece may be moved, as long as 
the cross -wires remain in the same position relative to the 
objective. 

3. The slit is illuminated, the telescope and collimator 
adjusted to be in Hne, and the slit is then moved in or out 
until there is no parallax between its image and the cross- 
wires. Then the slit is at the focus of the collimator lens, 
and the light rays passing over the turntable into the 
telescope are parallel. 

Adjustment of the Prism . — ^Two of the faces of a prism 
are usually polished, the others being left slightly 
roughened, and the angle between the polished faces is 
called the angle of the prism. Its value can be deter- 
mined by either of two methods. The prism must 
first be adjusted so that the polished faces are vertical. 
This adjustment is carried out by means of three levelling 
screws fixed to the turntable. Let these screws be X, Y 


and and let ABO be a prin- 
cipal section, A being the angle, 
of the prism. The prism is 
placed so that one of the faces 
bounding the angle is perpen- 
dicular to the line joining two 
of the levelling screws. Thus 
AC is shown at right angles to 
the hne joining screws Y and Z. 
Generally, fines are drawn or 
marked on the table parallel to 
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YZ and the above adjustment is made by turning the prism 


until the reflections of the lines seen in the face AC appear 


continuations of the lines themselves. Then the table is 
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turned so tliat the edge A faces the collimator and light 
falls on the faces AB and AC. The light reflected from 
AC is viewed through the telescope, and any of the 
levelling screws adjusted until the centre of the image 
of the slit is just at the point of intersection of the cross- 
wires. The telescope is then turned to view light reflected 
from AB, and now only the screw X is adjusted in order to 
bring the image to the same position on the cross-wires 
as before. This adjustment merely rotates AC in its own 
plane, since it rotates the table about the line YZ and 
therefore does not change the position of the image formed 
by reflection from this face. 

Measurement of the Angle of the Prism , — Method (1). 
The prism-table is turned so that light from the collimator 
falls on both the faces bounding the angle of the prism, 
and the table is then fixed. The telescope is rotated 


PX R 



until an image of the slit, 
formed by reflection at one of 
the faces, is obtained on the cross- 
wires. The reading on the tele- 
scope vernier is noted and the 
telescope is then turned until the 
image formed by reflection at the 
other face is on the cross -wires. 
This reading is taken and it can 
be seen, as follows, that the angle 
turned through by the telescope is 
twice the angle of the prism. 


Let PQ and RS be rays incident on the faces AB and AC 


of the prism, and let the reflected rays be QTi and STg. 
Through A draw a fine XY parallel to the incident rays. 
Then 


Ti(^B=P^A = QlY (as PQ is IP to XY) 


Ta&C =RSa = SAY (as RS is |P to XY). 
TiQB+T2§C = QAY + SAY 

=qas. 


and 
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Angle through which telescope is turned 
= Ti0B-i-BAO + T2SC 

=qas+bac 

= 2 A, where A is the angle of the prism. 

Method (2). The telescope is kept fixed and the prism- 
table is turned so that light is refiected from the face AB 
into the telescope and an image of the slit is formed on 
the cross- wires. The prism -table is then rotated until an 
image of the slit, formed by reflection from 
the face AC, appears on the cross -wires. 

Then the angle through which the prism 
has been turned is the supplement of the 
angle of the prism. This follows since AC 
is moved into a position parallel to that 
previously occupied by AB, and so the 
angle of rotation is BAD, where AD is a ^ 

continuation of AC. Thus the prism is turned through an 
angle 

BAD=7t~A. 

Determination of Refractive Indices . — ^When light passes 
through a prism, deviation occurs and the direction of the 
ray is changed. The lillagnitude of the deviation depends 
on the refractive index of the prism and on the colour 
of the light used. In order to find the refractive index of 
the material of the prism, hght of one colour must be used, 
and a sodium flame is most generally employed. This is 
very simply obtained by fixing a piece of asbestos, soaked 
in salt solution, in the edge of a bunsen flame. The slit 
is illuminated by means of this flame and the telescope is 
turned to view the light which has passed through the 
prism. In order to find the image it is best to have the 
slit wide and to look straight at the prism without the 
telescope. Then, when the image is obtained, the tele- 
scope may be used and the slit narrowed before any 
measurements are made. It is necessary to take a special 
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case in order to find the refractive index, for the expression 
to be used is only proved when the deviation of the light 
has its minimum value. The prism-table is therefore 
turned slowly to reduce the deviation, and the image is 
kept in view by rotating the telescope in the same direction. 
When a certain position is reached it is found that if the 
table is turned in either direction the deviation is increased. 
This is the position for minimum deviation and the reading 

of the telescope ver- 
nier is noted. The 
prism-table is then 
turned so that the de- 
viation is produced 
in the opposite direc- 
tion and the position 
for minimum devia- 
tion found as before. 
The difierence between the two readings of the telescope 
vernier gives twice the deviation produced. If this is 
called 2D, then 

A-l-D 
sin - 

. A 

sin-^ 

so that [M, the refractive index, may be calculated. 

It is possible in this manner to determine the refractive 
indices of liq.uids, the liquids being placed in a hollow, 
prism, which has parallel-sided glass plates for the two 
sides bounding the angle. 

/ Proof of Formula for Minimum Deviation , — Experiment 
shows that there is only one angle of incidence for which 
minimum deviation occurs. Since the direction of a ray of 
light is reversible, it follows that the angle of emergence 
must equal the angle of incidence for the ray which suffers 
minimum deviation. Thus the ray which suffers minimum 
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deviation passes through the prism in a direction perpen- 
dicular to the bisector of the angle of the prism. 

Let PQBS be the ray, KL and LM being the normals. 


A 



Also let the angles of incidence and emergence be i, and the 
angles between the normals and the ray in the prism be r. 
Deviation at first refraction 

= Deviation at second refraction. 
Total deviation =:D = 2(^ - r). 


Now 

K:tM=7r-A, 

also 

KtM=7r-2r, 

whence 

A = 2r. 

Thus 

l?=2i-A 

or 

2»=A + D. 

But 

sin % 

. > 
Sin r 

or by substitution for 

i and r, 


A + D 
sin - 




sin- 


10 
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Deviation produced by Prism of Small Angle. — When the 
angle o£ the prism is a small one, the angle of incidence for 
minimum deviation must he small in order that the ray 
may pass through symmetrically. Hence we may write 


or 

or 


^ =[xr 


A + B 
2 



B=A(/^,-l). 


Instead of using the spectrometer, the refractive index 
of a prism may be found by use of pins, the same formula 
being employed. Two pins are used to define the incident 
ray, and two more pins are placed on the opposite side of 
the prism so that the four pins appear to be in a straight 
line. Then the angles of incidence and deviation may be 
measured, and by taking a series of readings and drawing 
a graph the angle of minimum deviation may be found. 
The angle of the prism is measured directly by means of a 
protractor and substitution in the formula gives a value 
for [Jb, This method, of course, is not nearly so accurate 
as the spectrometer one, in which the value of ju, should 
b^obtained correct to three decimal places. 

^ OfiPJie Direct Vision Spectroscope. — It has already been 
pointed out that when white light passes through a convex 
lens the image formed is slightly coloured owing to chro- 
matic aberration, and it was shown that two lenses could 
be combined in order to eliminate dispersion and yet could 
still retain the other properties of lenses, l^lix the direct 
vision spectroscope two prisms of difierent types of glass 
are arranged in such a manner that while dispersion still 
occurs, the deviation produced by one prism is exactly 
balanced by the deviation caused by the other. If the 
prisms are of small angle, then Bi = Ai(/xi ~ 1) for the first 
prism and Bg = A 2 (/X 2 - 1) for the second. For no resultant 
deviation 


Bi + B2 = 0 
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or 

/^2 ~~ 1 
/'t'l — 1 

The minns sign before the term on the right merely indi- 
cates that the prisms must he placed so that they produce 
deviations in opposite directions. 

In the case of prisms of larger angle the same reasoning 
applies, and an equation can be obtained relating the angles 
of the prisms to their refractive indices. Thus the two 
prisms A and B in the diagram can be arranged so as to 
give no deviation. In practice, however, the compound 
prism is symmetrical, often consisting of five prisms joined 
as shown. The shaded prisms may be of hard flint and 


Fig. 114:. 

the other prisms of crown glass. So the crown glass 
prisms deviate the light in one direction and the flint 
prisms deviate it to an equal extent in the opposite 
direction. 

Achromatic Combination of Prisms . — Sometimes it is 
required to join two prisms of different materials so that 
deviation without dispersion results. Such a combination 
of prisms is termed achromatic, since no colours are pro- 
duced if the initial light is white. In most cases it is im- 
possible to eliminate dispersion entirely, but it may be 
cut out for any two given wave-lengths. Suppose the 
angle of the first prism is A and the refractive indices of 
the material are and /x^ for red and blue light respectively. 
Then the respective deviations are 

- 1)A and (/xz, - 1)A 

for a small-angled prism. The angle between these rays 
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is thus (^6-^^)A. The second prism, for which the re- 
fractive indices are and is arranged to deviate the 
light in the opposite direction, and must produce the same 
angular separation as before in order to eliminate dis- 
persion. Since the angles of deviation at this prism are 
(jcx/ - 1)A' and (jaj' - 1)A' respectively, where A! is the 
small angle of the prism, the angle between the rays is 
So the condition for achromatism is 

if^b “ l^r)^ “ f^T ) A , 

The Auto-Collimating Sjyectrometer , — In this form of 
spectrometer, which was designed by Abbe, the telescope 
also acts as the collimator. Light enters at right angles 
to the axis of the telescope at a point between the eyepiece 
and the objective, but nearer to the former. This light is 
reflected along the telescope by a totally reflecting prism 
P and passes through a slit S. The prism and slit occupy 

Q 0 


only half of the cross-sectional area of the telescope. Cross- 
wires or a pointer, X, are fixed immediately above the slit 
and the eyepiece is focussed on to these. A plane mirror, 
M, is placed on the prism-table beyond the objective 0 
and the light issuing is reflected back into the telescope. 
The tube containing the slit, prism and pointer is mov- 
able and is adjusted until a clear image of the slit is 
obtained. Then S is in the focal plane of O and light 
strikes the mirror normally and is reflected back along the 
same path. 

In order to measure the angle of a prism, the prism is 
placed on the table which is rotated so that light falls 
normally on one of the faces bounding the angle. The 
table is again rotated until light from the other face 
bounding the angle is reflected back along its own path. 
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Then tlie table has been turned through an angle DAE, 
^'.e. the angle between the normals to these faces. Thus 
BAC = A = (tt - angle table is turned through). 



B 

Fia. 116 . 


The determination of [jl for the prism is then easily 
carried out. Monochromatic light is used to illuminate 
the slit, and the table is rotated so that the light is incident 
on the face AB, suffers refraction and meets the face AC 


A 



Fig. 117. 


at right angles and so retraces its own path. If the ray 
is XYZ and MN is the normal at Y, then iq”^'Z = BAC = 

*, r* . , • /AX TVT sin X YM ^ , . 

angle of the prism (A). JNow ll =— — and it is 

sin XYZ 

necessary to determine Xl^M. This may be done very 
simply by rotating the table until the light strikes face 
AB normally. The angle the table is turned through 
equals XYM ; hence fz may be calculated. 

This instrument is extremely simple to use and gives very 
accurate results when employed for measuring either the 
refractive index of a glass prism or the wave-length of 
light by a diffraction grating. 
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Determination of the Dispersive Power of a Substance in 
the Form of a Prism , — It has already been pointed out 
that the dispersive power of a substance is eq^ual to 

. By use of the spectrometer a very accurate value 

^ - 1 

for this may be obtained. Here, either a hydrogen tube, 
which has prominent lines in the red and blue parts of the 
spectrum, or a neon lamp is used as the source oif light. 
The reading of the telescope is taken when focussed first on 
to one line, and then on to the other, the deviation being a 
minimum in each case. The deviations are known for the 
two wave-lengths and by fi.nding the angle of the prism 
in the manner already outlined, the two values of fju may 
be obtained. The average value for [m can then be found 
or a separate experiment may be carried out for this using 
sodium light (bright yellow lines) as the illuminant. 

The dispersive powers of liquids can be conveniently 
found by this method, using hollow glass prisms to contain 
the liquids. 


EXAMPLES OX CHAPTER VIII 

1. Give a diagram showing the essential features of a simple form 

of spectroscope, and indicate the course of a pencil of monochromatic 
light through the instrument. How is it known that the visible 
spectrum does not represent the whole of the radiation from a high 
temperature source ? (Lond. Inter.) 

2. Being provided with a source of light, a slit, two convex lenses, 
each of 20 cm. focus, and a prism, describe exactly how you would 
form a pure spectrum upon a screen. Draw a careful diagram 
of - the arrangement and use it to show how the spectrum is formed. 

(Lond. Inter.) 

3. Give a short account of the construction and applications of the 

spectroscope. (Camb. Schol.) 

4. Describe the spectrometer method of measuring the refractive 

index of a substance, and prove that the ray passing symmetrically 
through a prism imdergoes minimum deviation. (Lond. H.S.C.) 
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5. Describe briefly (a) the optical arrangement of a spectroscope, 
illustrating your description with a diagram showing the paths 
through the instrument of the rays which form the ends of the 
visible spectrum when the slit is illuminated with white light, 
(b) how the spectroscope is used to measure the angle of a prism. 

A spectroscope is set up correctly, and the readings of the telescope 
vernier when the cross -wires are set on the ends of the visible spectrum 
are observed to be 60° 45' and 63° 15' respectively. The focal length 
of the object-glass of the telescope is 27 cm., and that of the eye 
lens 3*0 cm. Determine the angle which the spectrum seen through 
the telescope subtends at the eye lens. ^ (K.) 

6. Describe carefully the readings you would make with a spectro- 
meter in order to determine the refractive index of a glass prism. 

The refractive index of a flint glass prism is 1*6434 for a red 
line in the lithium spectrum, and 1*6852 for a violet line in the 
mercury spectrum. Calculate the angle of minimum deviation for 
each line if the angle of the prism is 60°. (H.) 

7. Describe the optical system of the spectrometer, and the 
adjustments you would make in setting up the instrument to 
measure the refractive index of a prism. 

Find the relation between the angle of the prism, the minimum 
deviation produced, and the refractive index of the material. 

(O. & O.) 

8« A thin prism has an angle of 10°, and its refractive index is 
1*65 for red light and 1*57 for violet light. What is the angle 
between the emergent red and violet rays ? 

9. A ray of light is incident at 45° on a glass prism of angle 60°. 
If = 1-5, find the angle the emergent ray makes with the normal. 

10. Show that if the angle of a prism is greater than twice the 
critical angle for the material of the prism then no light can pass 
through the prism without internal reflection taking place. 

11. A ray of light is incident on a prism of angle 90°. What is 
the smallest value for the angle of incidence for which there will 
be no internal reflection if the refractive index is ju? 

12. Find an expression relating the angle of a prism with the 
refractive index of the material, and the minimum deviation pro- 
duced when a ray of light passes through the prism. The angles 
of minimum deviation for sodium and lithium light are 51*6° and 
50*8° respectively for a prism of angle 60°. Calculate the refractive 
indices for the prism for these two lights. 
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IS. A ray of light is iacident normally on a glass prism of angle 
36°. What deviation is produced if ^ = 1*5 ? 

If the prism is now placed in water (/^ =1-33), what will be the 
deviation produced for normal incidence ? 

14. What do you understand by the term dispersion of light ” ? 

Explain how it is possible to construct a prism either for the 

purpose of (a) deviating light without dispersing it, or (6) dispersing 
light without altering the direction of the central ray? (O. & C.) 

15. Define the deviation and the dispersion of light as produced 

by a glass prism. Explain the principle of the direct-vision spectro- 
scope. (Lond. Inter.) 

16. Describe a good method of measuring the refractive index 
of a substance such as glass, and give the theory of the method. 

A glass prism of angle 72°, and index of refraction 1*66, is immersed 
in a liquid of refractive index 1*33. What is the angle of minimum 
deviation for a parallel beam of light passing through the prism ? 

(Lond. H.S.O.) 

17. How would you measure the angle of minimum deviation 
of a prism ? 

(a) Show that the ray of light which enters the first face of a 
prism at grazing incidence is least likely to suffer total internal 
refieotion at the second face. 

(b) Find the least value of the refracting angle of a prism made 
of glass of refractive index 7/4, such that no rays incident on one 
of the faces containing this angle can emerge from the other face. 

18. Describe carefully how you would determine the refractive 
index of a glass prism. 

A glass prism with a refracting angle of 60° has a refractive index 
of 1-515 for red light and 1*532 for violet light. A parallel beam 
of white light is incident on one face at an angle of incidence which 
gives minimum deviation for red light. Determine (a) this angle 
of incidence, (6) the angular width of the spectrum, (c) the length 
of the spectrum if it is focussed on a screen by an achromatic lens 
of 100 cm. focal length. (X.) 

19. Explain carefully how the deviation of a parallel beam of 
light by a glass prism varies with the angle of incidence of the 
beam on the first surface of the prism. How does it depend for a 
particular angle of incidence on the angle of the prism, on the 
refractive index of the glass and on the colour of the light ? 

(Lond. Inter.) 
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20. Refine dispersive power. 

The following table gives the refractive indices of crown and 
flint glass for three lines of the spectrum. 

C. D. F. 

Crown . . . 1*514 1*517 1*523 

Flint .... 1*644 1*660 1*664 

Calculate the refracting angle of a flint glass prism which, when 
combined with a crown glass prism of refracting angle 5°, produces 
a combination that does not deviate the light corresponding to the 
D line. What separation of the rays corresponding to the C and F 
lines will such a compound prism produce ? (Lond. H.S.C.) 

21. Prove that, for a prism of small angle A, the deviation of a 
ray of light is (^m-I) A, provided the angle of incidence also is 
small. 

A crown glass prism, with a refracting angle 6®, is to be achroma- 
tised for red and blue light with a flint glass prism. Using the data 
given below, and assuming that the formula given in the first part 
of the question applies, find (a) the angle of the flint glass prism, 
(6) the mean deviation. 

Crown Glass Flint Glass 
1*613 1*645 

1*523 1*665 

(N.) 


Refractive Index (/t)-! 



CHAPTER IX 


SPECTRUM AJSTAIiYSIS 

Although it had been known for many centuries that 
colours could be produced from white light in certain 
circumstances, it is to Newton that we owe the first in- 
vestigation of spectra. The term ^'spectrum'’ was given 
by Newton to the band of colours formed when white light 
was passed through a prism. The historic experiment was 
carried out in 1666, at Cambridge, when light rays from the 
sun passed through a circular hole in a shutter, and after 
being refracted through a prism, formed a spectrum on a 
screen. The colours of the spectrum gradually merged 
from one to the other, there being no distinct boundaries 
between them. In order from the red end the colours 
are red, orange, yellow, green, blue, indigo and violet, 
although many observers fail to distinguish indigo as a 
separate colour. 

Purther experiments were carried out by Newton to 
discover whether or not the light could be further split up. 
The spectrum was formed on a screen in which was a 
narrow sht so that some rays of a definite colour might pass 
through to a second prism. It was found that after pass- 
ing through this second prism on to a screen, the colour 



was unchanged and no further colours were introduced. 
Another experiment of a similar nature was carried out, 
the second prism in this case being placed with its refract- 
ing edge at right angles to that of the first prism. The 
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prisms are then said to be ‘‘crossed.” The resulting image 
was a very broad spectrum — each colour was spread out 
in a direction at right angles to the length of the spectrum, 
but no further decomposition of the light took place. 

This investigation led Newton to the conclusion that 
white light could be split up into seven colours, and that 
each of these colours was fundamental and could not be 
split up any further. 

Recombination of the Spectral Colours , — If a spectrum is 
formed in the usual manner and the screen is replaced by a 
prism of the same angle as that forming the spectrum, but 



deviating the light in the opposite direction, the adjacent 
coloured beams overlap and produce a beam of white 
light except at the edges where complete overlapping does 
not occur and colours still persist. Newton showed this 
effect of recombining the colours by using a lens instead 
of the second prism mentioned above. Another method 
of synthesising white light is to throw the spectrum on 
to seven small plane mirrors arranged in an arc. Each 



colour is reflected from its mirror and a screen placed in 
the focal plane of the mirrors shows a patch of white light. 

Formation of a Pure Spectrum , — ^At this point it may 
be instructive to interrupt the historical order of spectral 
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analysis in order to consider ho-w a clear spectrum is 
obtained. The essentials are (1) a narrow slit (illuminated 
by the source of light) parallel to the edge of the prism- 
(2) a lens in order to give a parallel beam; (3) a prism in 
the position of minimum deviation; (4) a convex lens to 


R 


form the image on a screen, or a telescope if the light is to 
be viewed directly . S’ or each colour all the rays are parallel 
and thus the second lens brings all the rays of one colour to 
the same point. 

In order to obtain greater dispersion and a longer 
spectrum, two prisms — ^not in contact — are used and each 
is set in the position for minimum deviation for yellow 
light. 

It will be noticed that Newton did not use a slit but 
preferred a circular opening. This meant that the 
spectrum so formed was not a pure one, since owing to 
the size of the opening a number of spectra was formed, 
each of them clear, but all overlapping. The introduction 
of the slit is attributed to WoUaston, although Newton 
used it in some experiments, while the first continuous use 
of lenses in the formation of the spectrum was by Praun- 
hofer. Both these advances were made in the early part 
of the nineteenth century. 

The Fraunhofer Lines in the Solar Spectrum. — Praun- 
hofer is chiefly notable here for the work he did in con- 
nection with certain dark lines which can be seen in the 
spectrum of the sun. Wollaston had already noticed these 
fines some years earlier (1802), but Praunhofer (1814) was 
the first to show that they were fixed in position — always 
occupying the same places in the solar spectrum. To make 
quite sure that the lines were due to the sun, Praunhofer 
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experimented with different prisms of different materials, 
some glass and some liquid, and he found that the lines 
always occurred in the same positions and differed in in- 
tensity. He lettered the chief lines and noted their 
positions, and also observed that the same lines appeared 
in the spectra of the moon and the planets. In the case 
of stars, dark lines were found in their spectra, but not in 
the same places and not of the same intensity. This fact 
showed that the lines in the solar spectrum could not be all 
produced by the earth’s atmosphere. 

How, although Fraunhofer introduced the familiar 
sodium flame as a source of monochromatic light, and also 
observed that there was a bright hne between the orange 
and the yellow in the spectrum of a flame in exactly the 
same position as one of the lines in the solar spectrum, the 
D line, he was unable to explain the cause of the solar 
lines. It was not until 1849 that Foucault solved the 
problem, but, as little notice was taken of this investigation, 
the explanation of the solar Knes is often attributed to 
Kirchoff who, in 1859, rediscovered the principle already 
put forward ten years previously. Foucault formed an 
image of the sun on the arc between charcoal poles, and 
examined the light by a spectrometer. The are spectrum 
consisted of a number of luminous lines amongst which a 
double line between the yellow and the orange stood out 
strongly. When the two spectra were superimposed 
exactly, the dark D line in the sun’s spectrum was 
strengthened, while if the spectra were arranged one above 
the other, the D line in the solar light still appeared and 
coincided exactly with the bright line in the light from the 
arc. Thus Foucault concluded that the arc emitted rays 
of this wave-length itself and at the same time absorbed 
them when they came from another source. 

The same effect is shown easily by using a lantern as a 
source of white light, and shining the light direct on to 
the slit of a spectrometer. A sodium light — formed by 
holding a small piece of asbestos soaked in salt solution 
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in the edge of a bnnsen flame — is placed in the path of the 
light and is focussed on to the slit. The resulting spec- 
trum shows the ordinary continuous spectrum crossed by 
a double dark line in the orange-yellow portion. If the 
lantern is extinguished the dark line appears bright by 
reason of the sodium light. The effect is known as the 
reversal of the J> line. 

Kirchoff, in his investigation, carried the matter a step 
further than Foucault, and in conjunction with Bunsen 
stated that when a substance emits Kght, the light is of 
definite wave-lengths characteristic of that substance, and 
also the substance is capable of absorbing light of exactly 
the same wave-lengths. Thus the dark lines in the spec- 
trum of the sun are caused by the vapours surrounding 
the sun absorbing the light of particular wave-lengths. 
Kirchoff also found that the dark line is only dark by 
comparison with the light on each side of it, and really is 
bright to some extent. This is an example of resonance, 
which is the gain of energy of one body from another ii 
the periods of vibration of the bodies are the same. It 
may be illustrated by suspending two simple pendulums of 
equal length from a cord stretched horizontally. When 
one pendulum is set in vibration, the other, which is 
initially at rest, takes up the motion and vibrates in the 
same period as the first one, showing that energy is trans- 
ferred from one pendulum to the other. In the optical 
case energy is taken from the waves of a certain period 
in the white light and absorbed by the sodium, which 
could give rise to vibrations of exactly the same period 
if it were excited itself. So we may state that the radiation 
emitted by a body when incandescent is absorbed by the same 
body when cold, where the word cold is used in the compara- 
tive sense. 

The composition of the sun is thus found. The central 
part is liquid or solid at a very high temperature, and 
gives out white light. This is surrounded by layers of 
cooler vapours which absorb light of certain wave-lengths 
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wHch. they would emit if incandescent. The hot nucleus 
is termed the photosphere, and the outer layers of vapours 
form the chromosphere. Knowing the wave-lengths miss- 
ing from the solar spectrum and comparing these with the 
wave-lengths emitted hy various elements, it has been 
found that the sun’s atmosphere consists of vapours of 
many of the elements existing on the earth. A table of 
the chief Fraunhofer lines is given below, and shows the 
elements whose spectra correspond with the different 
Hnes. The wave-lengths are given in Angstrom units, 
which are often referred to as angstroms or A.U. 

The whole spectrum was mapped by Angstrdm, and the 
wave-lengths of a large number of the Fraunhofer lines 
found and expressed in 10”® cm. Thus 1 Angstrom unit 
equals 10*“® cm. 


Table or FRAtmuorER Lines 


Line 

Substance 

Wave-length 

Lin© 

Substance 

Wave-length 

A 

★ 

7661 

h 

H (.5) 

4102 

B 

* 

6867 

H 

Ca 

3968 

C 

H (a) 

6563 

K 

Ca 

3934 

D 

Na 

5896\ 

5890/ 

. . 

Mg— C 

3838 

E 

F© 

5270 

L 

Fe— C 

3820 

b 

Mg 

5178\ 

5173/ 

M 

F© 

3720 

F 

H (/5) 

4861 

FT 

F© 

3581 

/ 

H (y) 

4340 

O 

F© 

3441 

G 

Fe 

4308 

• • 

Ti — ^Fe 

3057 


* Due to absorption by the oxygen in the earth’s atmosphere. 


It should be pointed out that some of the Fraunhofer 
lines are due to absorption by the earth’s atmosphere. 
More lines are observed if the sun is near the horizon than 
if it is well up in the sky. These lines are due chiefly to 
oxygen and water- vapour. 
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The spectra of the stars may be examined in a similar 
manner to that applied in the case of the sun, but here 
owing to the appearance of the stars as points, a collimator 
is not necessary. In general the spectra fall into two 
groups — ^those resembling the solar spectrum with its dark 
lines, and others whose spectra are fluted. 

The work of Kirchofl and Bunsen is important, not 
only in connection with the solar spectrum and the com- 
position of the sun, but also in giving us a method of 
detecting and discovering elements. The spectra of the 
known elements are mapped, and if another substance 
gives lines not contained in any of the other spectra, this 
substance must contain a new element. Caesium, indium, 
rubidium and thallium were each discovered in this 
manner, while helium, which gives a line, the Dg line, very 
close to the sodium lines, was discovered to exist on the 
sun some years before it was isolated on the earth. 

Types of Spectra. — Spectra may be divided into two 
types: emission spectra and absorption spectra, each of 
which may be subdivided. The first type may be pro- 
duced by 

(a) heating the substance in a bunsen flame; 

(5) passing an electric discharge through the rarefied 
gas in a discharge tube; 

(c) placing a small quantity of the substance in the 

crater of the positive electrode of an arc and 
passing a current; 

(d) passing a discharge between metal electrodes, the 

spectrum in this case depending on the metal and 
also on the air or gas surrounding the electrodes. 

Emission Speotba 

Continuous Spectrum. — This spectrum is emitted by any 
solid body when white-hot, and it contains all the colours 
merging from one to the other in the order observed by 
Newton. An ordinary luminous gas flame gives a con- 
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tiniious spectrum due to the incandescent particles of 
carbon in it. This continuous spectrum is caused by the 
molecules in the solid being very close to each other, so 
that collisions are constantly occurring and all the possible 
vibrations and wave-lengths are emitted. 

Line Spectrum, — Elements, when heated to incan- 
descence if solid, or when exposed to an electric discharge 
if gaseous, form this spectrum which consists of sharp 
bright lines. The arrangement of lines may be regular, in 
which case it is termed a ^‘series,’’ e,g. Balmer’s series for 
hydrogen, or the lines may be spaced quite irregularly. 

Band Spectrum . — This consists of a number of bright 
bands of light, one edge of the band being sharp, the 
other edge being more difficult to determine as the intensity 
gradually falls o:ff as this edge is approached. The spec- 
trum thus has a fluted appearance and is often referred to 
as a fluted spectrum. If examined with a spectrometer 
of high resolving power, each band is seen to consist of a 
large number of bright lines which are very close together 
on the side where the edge is sharp, but get further and 
further apart towards the other edge (fig. 122). 

This type of spectrum is emitted by compounds, unless, 
of course, the substance is heated too strongly and breaks 
up into the constituent elements. 

Most of the carbon compounds can be 

shown to give spectra of this type, and 

the blue part of a candle or bunsen Fig. 122 . 

flame shows this band spectrum. This spectrum of the 

bunsen flame was fihst noted by Swan, and is sometimes 

called the Swan spectrum. 

It has ' been found that a substance can emit both a 
line and a band spectrum, although not simultaneously. 
This was first noted in the case of nitrogen, and it is 
probable that the line spectrum results when the gas is in 
the atomic state, while for the production of the band 
spectrum the gas must be in the molecular state. Gener- 
ally, if the discharge is violent the line spectrum is obtained. 
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Absorption Spectra 


Continuous or General Absorption , — The usual continuous 
spectrum is crossed by one or more dark bands which 
generally do not possess sharp edges. This is caused by 
interposing some substance, such as red glass, cobalt 
glass, or didymium glass, between the slit and the source 
of light. The red glass absorbs practically all the colours 

except red and orange, while co- 
balt glass absorbs three different 
groups of waves, so that the spec- 
trum is crossed by three dark 
bands. Many solutions show ab- 
sorption bands, and in investiga- 
ting these spectra the liquid is 
usually contained in a glass cell 
with parallel sides as shown. 
Potassium permanganate, potassium dichromate, and 
many of the aniline dyes are suitable liquids for examina- 
tion in this manner. 

Selective or Line Absorption . — ^In this case the spectrum 
is crossed by dark lines as in the case of the solar and 
stellar spectra. The reason for these dark Praunhofer 
lines has already been explained as due to the absorption 
of certain wave-lengths by vapours through which the 
light passes. 




The Doppler Effect 


If the source of light which is giving out certain definite 
wave-lengths is in motion towards or away from the 
spectrometer, it is observed that the wave-lengths received 
are slightly different from those obtained when the source 
is at rest. The velocity of the source must be very 
great otherwise no change in the wave-length can be 
detected. In the case of stars, which have enormous 
velocities through space, this change can be observed. This 
effect is known as the Doppler effect, since the change in 
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wave-length due to relative motion of the source and 
observer was first considered by Doppler. The same efiect 
occurs in sound, where examples are much more frequent 
owing to the much smaller velocity of sound. The pitch 
of the whistle of an engine moving at high speed past 
an observer apparently drops very rapidly just as the 
engine passes. 

If the source moves towards the observer, who is at 
rest, with velocity v, and emits light of wave-length X and 
frequency n, then between the emission of each wave the 

V 

source moves a distance since the time between the 

n 


VT 


emission of each wave is Ijn. Consequently the apparent 


wave-length (A'), as received by the observer, is 



i.e. A' = 


=A--. 

n 


But ?^A=V, the velocity of light. 


A'=A 


M-v 


^ 1 ^ 


Thus the wave-length is reduced if the source moves 
towards the observer, and a spectral line will be displaced 
towards the violet end of the spectrum. 


D 

C 

B 

A 


S > 

R 

Q 

P 


Above Source at rest DC = CB = BA = %. 

Below Source in motion SB = BQ = QP = A' = A -^r— 

Pig. 124, 

If the source moves away from the observer then v is 
negative, the wave-length is increased, and the line -dis- 
placed towards the red end of the spectrum. 
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When the observer is in motion, say with velocity % 
towards the source which is at rest, the treatment is 
similar. Instead of receiving n waves in one second, as 
he would do if at rest, the observer, by moving towards 

, - . / 

the source, receives or meets waves since he 

moves a distance u and there are n waves in a distance V. 

So the freq[uency of the light received is and 

V ^ 

wave-length is 

Using the same symbols, then if both source and observer 
are moving towards each other the recorded wave-length 
would be 


A 


V-v 


This theory was applied by Huggins in 1868 to the spectrum 
of Sirius in which one of the hydrogen lines was displaced 
towards the red, and he showed that Sirius must be moving 
away from the earth at a relative speed of abotit 30 miles 
per second. 

If the source and observer are moving in directions at 
angles to the line of sight the component velocities along 
this line must be takeii^ In the case of stars emitting 
continuous spectra there is no change in colour because 
of their motions, for, as will be shown later, the spectrum 
continues at each end beyond the red and the violet. If 
the star is approaching, all wave-lengths are reduced, so 
that some disappear into the invisible part at the violet end, 
while radiations previously invisible at the red end now 
become visible in the spectrum. 

O^PPLIOATIOXS OP THE UOPPLEB EpPECT 


Double Stars . — Many stars which, when viewed through 
the telescope, appear to be single stars, are in reality 
double stars or spectroscopic binaries. These stars rotate 
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about each, other so that as one is approaching the earth 
the other is receding. If the stars have approximately 
equal brightness all the lines observed in their spectra 
sometimes appear as single lines and sometimes as double 
lines. The first case occurs when one star is hidden by 
the other, and neither has any velocity towards the earth. 
When both stars are visible the velocity of one towards 
the earth causes the spectral lines to be displaced towards 
the violet, while the velocity of the other in the opposite 
direction results in a displacement towards the red end 
of the spectrum. So we have the second case where all 
the lines are doubled. This method of examination shows 
that a large number of the stars are double. 

Saturn's Rings . — ^Around the planet Saturn are three 
fiat concentric rings, and it was unknown whether the 
rings were solid or were made up of a large number of 
small individual particles. Now, if the rings were solid, 
we should have 

V cc r , , . . ( 1 ) 

where v is the linear velocity of a point distant r from the 
centre of Saturn, while if the rings were made up of indi- 
vidual particles, these particles must be in equilibrium 
under the influence of the centrifugal force and the gravi- 
tational force, so that 

1 

— OC “ 

or 



Investigation with the spectrometer showed that the 
Fraunhofer fines, which appear since the planet reflects the 
sunlight falfing on it, were more displaced when the fight 
came from the inner edge than when it came from the 
outer edge. This meant that the inner edge moved more 
rapidly than the outer edge, a result in agreement with (2). 
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Further investigation gave results whicli agreed almost 
exactly with this equation, thus bearing out the theory 
that the rings are com;posed of individual particles. 

Measurement of the - Angular Velocities of the Sun and 
Planets. — By receiving the light from only a small part of 
the surface of a planet at a time, the positions of the Fraun- 
hofer lines may be noted and compared with the positions 
found when the light comes from another part of the 
surface. Any disparity between the results shows that ah 
parts of the planet have not the same velocity towards the 
earth, and by measuring the displacements for light from 
different parts of the surface the angular velocity of the 
planet may be found. The same method can be applied 
in the case of the sun. 

The Broadening of Spectral Lines. — Owing to the high 
velocities of the particles moving about in a gas, slight 
variations occur in the wave-lengths emitted when a gas is 
incandescent. Consequently spectral lines are not exactly 
fine, and since an increase of temperature increases the 
velocities of the particles, the spectral lines are broader 
the higher the temperature. 






Atomic Stbtjcttjbe axb Emmissiox Speotka 


According to Bohr’s theory of the structure of atoms, 
the atom consists of a positively charged nucleus with 
electrons revolving around it. Practically the whole mass 
is in the nucleus which is comprised of a number of 
protons — hydrogen nuclei each bearing a positive charge 
— and electrons. The number of protons is the same 
as the atomic weight, and the number of electrons 
outside the nucleus is the same as the atomic number. 
Since a proton bears a unit positive charge and an electron 
a unit negative charge, then in order for the atom to have 
no resultant charge the number of electrons in the nucleus 
is numerically equal to the atomic weight less the atomic 
number. Taking a more modern view since the discovery 
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of the neutron, which has the same mass as the proton 
but possesses no charge, the nucleus may be considered 
to consist of equal or nearly equal numbers of protons 
and neutrons. The neutron can be taken as a proton 
joined to an electron, the charges having neutralised each 
other. 

The hydrogen atom presents much the simplest case, 
for here we have one proton round which a single electron 
revolves. This electron can only move in certain orbits, 
the radii of which are as the squares of the natural numbers 
— 12 , 22 , 32 . . . If the electron is pulled away from the 
inner orbit to an outer one its energy is increased, and now 
the electron may fall back to an orbit of smaller radius 
with the emission of energy. This energy is radiated in 
wave form and may cause a spectral line of a definite 
wave-length in the visible spectrum. Jl 

By the quantum theory, energy may only be given out 
in ‘Tumps,” and if the frequency of the light emitted is n, 
then the energy given out is hn^ where h is Planck’s con- 
stant. Every time the electron falls back to an orbit of 
smaller radius, a spectral line is produced. Bohr showed 
by application of the quantum theory that 

where P is a constant called Pydberg’s constant and jp and q 
are whole numbers. Now in 1885 Balmer had shown that 
the frequencies of the lines in the spectrum of hydrogen 
were satisfied by the equation 


n=~K.\ 


1 



where K is constant and is a whole number greater than 2. 
Bohr’s theory therefore agrees with B aimer’s results if 
^ = 2, which means that the electron is falling from some 
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orbit into the second orbit from the nucleus, ISTow if 
2 ? = 1 another series of spectral lines should result, and these 
lines have been observed by Lyman, not in the visible 
spectrum but beyond the violet. Further, a series of lines 
for which jp = 3 and is a whole number greater than 3 
has been discovered by Paschen in the infra-red, while 
certain frequencies of hydrogen lines in the infra-red agree 
with the formula if = 4. 

Thus, experiment gives results in close agreement with 
those obtained by Bohr's theory for the hydrogen atom. 



Naturally, other atoms are more complex owing to the 
number of electrons in orbits round the nucleus and, since 
the electrons exert forces on each other, the simple theory 
cannot be applied. But the principle that there are 
energy levels or orbits still holds good, and all spectral lines 
are caused by the emission of a quantity of energy by 
electrons in jumping from one level to another. 


EXAMPLES OX CHAPTEB IX 

1, What are the distinctions between (a) a line spectrum, (6) a 

continuous spectrum, and (c) an absorption spectrum ? Describe 
how each may be produced. (Lond. Inter.) 

2. What is meant by a spectrum? How are spectra produced? 
State what you know of diSerent t 5 q)es of spectra. (Ox. SchoL) 
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3. How would you obtain (a) a continuous spectrum, (b) a line 
spectrum, (c) a band spectrum, (d) an absorption spectrum ? Describe 
bow these spectra are formed. 

4. Describe a spectrometer and the mode of adjusting it to exhibit 

the spectrum of the light from an electric arc. What is the character- 
istic difference between the spectra of sunlight and light from the 
arc? (Lond. H.S.C.) 

5. Explain the production of dark line spectra. 

Describe a method by which you could show the reversal of the 
sodium lines in the spectrum of an arc lamp. 

6. How would you arrange an experiment to project a pure 
spectrum on a screen ? Describe the spectrum produced by (a) sun- 
light, (b) an electric filament lamp, (c) a sodium fiame. (0. & C.) 

'7, Explain Doppler’s Principle, and discuss its application to light 
waves. (Camb. Schol.) 

8. Mention some of the more important applications of the 
Doppler Effect. 

It is found that the G line in the spectrum of a star is displaced, 
and the apparent wave-length is 4*3074 x cm. If the true wave- 
length for the G line is 4*3079 x 10"® cm., find the relative velocity 
between the star and the earth, if the velocity of light is 3 x 10^^^ 
cm./seo. 



CHAPTER X 


THE INVISIBLE BADIATIONS 

So far we liave considered in. our study of the spectrum* 
only the radiations, which, when received by the eye, 
cause the sensation of light. Actually there are far more 
radiations which are not received because their wave- 
lengths are too small or too large to affect the eye. A hot 
body, such as a white-hot poker, will yield not a continuous 
spectrum alone, but waves beyond the violet — called the 
ultra-violet waves, and also waves of length greater than 
those at the red end of the spectrum. The latter are called 
infra-red waves. 

The Ultra-violet Spectrum . — ^It has been found that 
ordinary glass absorbs most of the ultra-violet waves, and' 
consequently quartz prisms and lenses must be used in 
experiments on ultra-violet radiation. Quartz is trans- 
parent to ultra-violet light, as is Yita glass — ^the modern 
glass for windows. Pluorite and Iceland Spar can each 
be used, but the former is not as good as quartz optically, 
while the latter has two refractive indices which would 
result in two spectra being obtained. Quartz also is a 
doubly refracting substance, but to a much smaller 
degree than Iceland Spar. This double refraction may he 
overcome by the use of a Cornu prism in which two similar 
prisms are joined so that they act in conjunction. But 
one prism is of right-handed quartz and the other of left- 
handed quartz, so that the double refractions balance and 
a sharp spectrum results. 

The chief methods used for the detection of ultra-violet 
rays are : 

, (1) Photography, (3) Phosphorescence, 

(2) Pluorescence, (4) Photo-electricity. 
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(1) If the light from an arc lamp passes through a quartz 
prism and forms a continuous spectrum on an ordinary 
photographic plate or on a piece of gaslight printing paper, 
the plate or paper is blackened (after development) in the 
blue and violet parts of the visible spectrum and also in 
the part beyond the end of the violet. It was by the 
blackening of silver chloride that the existence of ultra- 
violet waves was discovered at the commencement of the 
nineteenth century. If the sun is the source of light the 
ultra-violet spectrum is again produced and is crossed by 
Fraunhofer lines. 

(2) A white soaked in quinine sulphate 

solution, slightly acidulated with sulphuric acid, and then 
dried, may be substituted for the photographic plate, and 
in this case the paper beyond the violet gives out a blue 
ligjhi — ^practically a forget-me-not shade of blue. This 
phenomenon is called jl;^x&sjaence. The ultra -violet radia- 
tions are a bsorbed by the quinin e sulph ate and light of a 
l onger wave-length is radiated. In most cases of fluor- 
escence the ultra-violet and the violet rays are those which 
suffer this change in wave-length. Certain other sub- 
stances also fluoresce, and Stokes, who was responsible for 
most of the initial work on this subject, was led by his 
investigations to the result that the wave-length of the 
radiation abs orbe d is always than that of the^upr-, 
escent r adia tion. This means that the :h^qq§licy of the 
H^ib is reduce d and in accordance with the quantum theory, 
the loss in energy, or the energy absorbe d by the fluor- 
escent substance, is h(na -n^) where is Planck’s constant 
and na and ne are the frequencies of the light absorbed 
and emitted. The fall in the frequency has led to the 
phrase “degradation of light” in this connection. More 
recent investigation has revealed that Stokes’s law is only 
a generalisation and that in some cases the waves emitted 
have a greater frequency than those absorbed. Generally 
in these cases some chemical action takes place. A hst of 
common fluorescent substances is given overleaf. A piece 
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of uranium glass, wMcK fluoresces green, is sometimes 
placed in tlie telescope of an ultra-violet spectrometer so 
tliat the ultra-violet rays may be analysed directly. 


Suhstance 

Actual 

colour 

Fluorescent 

light 

Quinine sulphate 

Colourless 

Blue 

Fluor spar 

ColoTirless 

Violet 

Fluorescein 

Brown 

Green 

Vaseline 

Yellow 

Green 

Barium platinocyanide 

Yellow 

Green 

Uranium oxide 

YeUow 

Green 

Chlorophyll 

Green 

Red 


This phenomenon of change in colour was called fluor- 
escence since the eflect was first noticed in the case of 
fluor-spar. 

(3) In fluorescence the light emitted ceases immediately 
the exciting light is cut ofl, but in another similar phenom- 
enon the substances continue to emit light after the initial 
light or radiation is withdrawn. The name given to this 
eflect is jpTiosjpJiorescence. Experiments show that phos- 
phorescence is caused chiefly by the ultra-violet and violet 
parts of the spectrum, and since fluorescence usually 
accompanies phosphorescence, this may be used as a 
method of detecting and investigating the ultra-violet 
radiations. The commonest phosphorescent substances 
are c alciu m sulphide, ba»rium sulphide and stoxffitioin 
sulphide. If a screen is coated with calcium sulphide 
and a continuous spectrum is formed on it, then on cutting 
ofl the spectrum the screen still emits light of a pale blue 
shade from the parts previously illuminated by the violet 
and ultra-violet radiations. Other colours may be obtained 
by using suitable mixtures of phosphorescent substances. 
Phosphorescence received its name from the action of 
phosphorus in emitting light when placed in a dark room. 
Actually this light is due to chemical action and has no 
connection with true phosphorescence. 
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Becquerel carried out investigations on a large number of 
substances and be found that most of them were phos- 
phorescent although the degree of phosphorescence varied 
greatly. Whereas a substance such as calcium sulphide 
will glow for nearly an hour after being illuminated, other 
substances will only phosphoresce for a very small fraction 
of a second. In his phosphoroscope, Becquerel arranged 
that sunlight should be converged to a focus by a lens L 
and the substance 
to be examined was 
placed in the focal 
plane of this lens. 

Between the lens 
and substance was 
a disc A containing a number of circular holes, and on the 
other side of the substance was a similar disc B mounted 
on the same axle as A. These discs were arranged so that 
they were exactly out of step, i.e. when light passed 
through A to the substance, no light could pass on through 
B. Then as the discs were rotated the substance was 
illuminated by light passing through a hole in A, and later, 
when no light passed through A, the substance could be 
seen through an opening in B. So the substance was not 
seen when illuminated, but at some time later, and by 
varying the speed of rotation of the discs the duration of 
the phosphorescence was found. 

(4) If a metal plate is exposed to light it is found to 
acquire a small positive charge. The effect is called the 
^photo-electric effect and is due to the emission of slow-moving 
electrons from the plate. If a sheet of glass is placed 
between the plate and the source of light, the effect is 
stopped in most cases, thus showing that it is due to the 
ultra-violet radiations which are now absorbed by the 
glass plate. So if a plate is joined to a quadrant electro- 
meter or sensitive electroscope a deflection will be caused 
when ultra-violet rays fall on the plate. 

We have thus four methods available for detecting and 




170 


TEXTBOOK OF LIGHT 


investigating ultra-violet radiations, and it becomes a 
simple matter to determine the degree to which substances 
transmit or absorb these invisible rays. Flint glass is 
opaque to the rays, ordinary window glass and cobalt 
blue glass are partly transparent, while quartz is quite 
transparent. If a mirror is held in the path of ultra-violet 
light, it reflects this light and the rejected rays can be 
traced out by use of a fluorescent substance. Befraction 
can be shown by passing the rays through a quartz prism 
which deviates the rays to another part of the screen. 
Polarisation can be observed by passing the rays through 
two JSTicol prisms on to a fluorescent screen which will 
appear bright and dark in turn as one of the nicols is 
rotated. Ultra-violet light also interferes in exactly the same 
manner as visible light. This was proved conclusively in 
1811 by Young who obtained Newton^s Bings with ultra- 
violet rays, the eflect being shown by aid of silver chloride. 

The Infra-red Spectrum , — In order to investigate the 
portion of the spectrum beyond the red, it is necessary 
to use rock salt prisms and lenses since other types of 
glass absorb, to some extent, the infra-red radiations. 
Frequently lenses are dispensed with and concave mirrors 
are used instead. The spectrum obtained is smaller than 
if quartz is used, since rock salt has a smaller dispersive 
power. The methods used for detecting and investigating 
infra-red radiations are : 

(1) Heating effect , 

(2) Photography, using special plates, 

(3) Photo-electricity. 

Of these methods the first is the most important. In (2) it has 
been found that special panchromatic photographic plates 
which contain certain isocyanides are affected by rays beyond 
the red, and these plates may be used in this case just as the 
ordinary plate is used for detecting ultra-violet radiation. 

The photo-electric effect has already been considered 
and may be applied here if a photo-electric cell of some 
substance such as rubidium is used. 
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The detection by heating effect is of historical import- 
ance since the existence of the infra-red spectrum was first 
found in 1800 by Herschel, who noticed that a sensitive 
thermometer with a blackened bulb indicated a rise in 
temperature when placed beyond the red end of the 
spectrum. The instruments in general use now for detect- 
ing this radiation are the thermopile, the bolometer, the 
radio -micrometer and the radiometer. 

The thermopile is based on thermo-electric action. If 
two wires of different metals are joined at both ends and 
a galvanometer is inserted in series, then any difference 
in the temperatures of the junctions of the wires causes a 
current to fiow through the galvanometer. This arrange- 
ment is called a thermo-couple, and if a number of thermo- 
couples is arranged in series, the sensitivity is increased 
and we form an instrument called a thermopile. This 
instrument has two faces, the odd junctions being on one 
face and the even junctions on the other. One face is 
usually enclosed so that its temperature is constant while 
the other face is exposed to the radiation. 

The bolometer, invented by Langley who carried out a 
good deal of experimental work on the infra-red, works on 
the principle that a rise in temperature causes an increase 
in the resistance of metals. Two very fine strips of plati- 
num foil about mm. in thickness form two arms of 

a Wheatstone bridge. One strip is enclosed and remains 
at a constant temperature, while the other is blackened and 
exposed to the radiation. Any heat rays warm up the 
latter strip, and the slightest heating effect upsets the 
balance of the bridge. This instrument is extremely 
sensitive, and will detect changes in temperature of one 
hundredth of a degree Centigrade. 

Boys’s radio -micrometer consists of a small coil of wire, 
the ends of which run below the coil to short lengths of 
antimony and bismuth respectively- The coil is suspended 
by a quartz fibre, which has a very small torsion constant, 
between the poles of a circular magnet as in the case of 
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moving coil galvanometer. The free ends of the antimony 
and bismuth are joined, and a blackened copper disc placed 
over this junction. If heat radiation falls on the disc, the 
heat is easily conducted through the copper to the junction 
of antimony and bismuth, and a thermo-electric current is 
set up. This causes the coil to rotate, and the deflection 
is noted by observing the deflection of a spot of light 
reflected from a mirror attached to the quartz fibre where 
it joins the coil. 

The radiometer, invented by Crookes, is composed of 
movable mica vanes, one side of each vane being blackened 
and the other silvered. The vanes are fixed to a spindle 
which is lightly poised so that it can rotate easily, and the 
whole is contained in a glass bulb which is very nearly 
exhausted. When radiant heat falls on the radiometer 
the vanes rotate so that the black surface goes away from 
the source of the radiation. This occurs because the 
blackened surface attains a temperature slightly above 
that of the silvered one, so that the particles of gas in the 
bulb experience a slight rise in temperature on hitting the 
blackened surface. They therefore leave it with a slightly 
increased velocity, and consequently the surface recoils 
and the vanes rotate. 

With any of these instruments the infra-red may be 
investigated. Results show that there is no heating effect 
in the ultra-violet nor in the visible spectrum until orange 
is reached. The effect is increased when the red is reached, 
but the maximum heating occurs beyond the red. If the 
instrument used is placed in the infra-red, and sheets of 
glass of different types are placed in turn between the 
source and the instrument, the absorptive powers of these 
sheets for infra-red rays may be found. Hock salt absorbs 
least, and then come quartz, ordinary window glass, flint 
glass and finally calc-spar, which is almost opaque to 
these long waves. A sheet of ebonite, although opaque 
to visible light, is transparent to infra-red rays. The 
infra-red spectrum is continuous like the ultra-violet and 
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visible spectra, and contains a number of ‘‘'dark lines” — 
wave-lengths for which no heating effect is obtained. 
Infra-red rays may be reflected, refracted and polarised 
just as ordinary light. They travel with the same velocity 
as visible rays, for at solar eclipses the heat of the sun 
ceases to reach us as soon as the eclipse becomes total and 
the light fails. Consequently the solar radiations consist of 
waves of widely differing length. The visible spectrum has 
a range of nearly one octave — from 3950 to 7600 angstroms 
approximately — and is bounded by the ultra-violet with 
a range of ffve octaves on one side, and the infra-red with 
a range of about nine octaves on the other. 

The curves of luminosity and radiant energy against 
wave-length show that the green-yellow part of the 
spectrum has the greatest effect on the eye, while the 
heat energy reaches its maximum in the infra-red for the 
electric lamp or the arc lamp, but in the visible spectrum 



if the sun is the source. This appears to contradict the 
results obtained by experiment, where the thermopile or 
bolometer records maximum deflections in the infra-red 
for solar radiation. The reason for this is that the 
spectrum is spread out far more towards the violet, where 
the waves are short, than towards the red. Hence more 
wave-lengths fall on a given area in the infra-red than on 
the same area in the violet. If allowance is made for this, 
the maximum value of the radiant energy from the sun 
occurs near to the D lines. In fig. 127 the wave-length is 
given in decreasing order from left to right since as the 
temperature of a body rises the shortest radiation emitted 
has a smaller and smaller wave-length. 


12 
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Lamps . — will be noticed that the ordinary filament 
lamp loses a tremendons amount of energy in the form of 
heat which is all wasted since the lamp is used to emit 
light. The higher the temperature of a source of light 
the more efiicient is that source. When a body is heated 
the particles in that body are set into more rapid vibration. 
The vibrations cause waves to be sent out through the 

surrounding ether, and 
the warmer the body gets 
V the more waves it sends 

\ out and the shorter is the 

\ average wave-length. So 

visib!^ tbe body jSrst gives out 

v|^ the infra-red rays, then, 

X decreasing in addition, visible red. 

Fig. 128. orange, yellow, and so on 

until all the colours are represented and ultra-violet rays 
are being emitted. The body is then at a white heat. 
These changes can be represented by a graph of energy 
drawn against wave-length (fig. 128). Since the extreme 
wave-length becomes progressively less as the temperature 
rises the wave-length is shown decreasing from left to right. 
While the ordinate at any point shows the energy used in 
emitting light of that wave-length, it does not represent the 
total energy required, since radiation of that wave-length 
cannot be obtained without all other radiations (of this 
type) of greater wave-length. Thus the area beneath the 
curve represents the total energy required. So for a body 
at a white heat the energy usefully employed is represented 
by the area below the curve and bounded by the ordinates 
through H and V, while the total energy required is given 
by the whole area beneath the curve. This is a very 
inefficient method of obtaining light since more than 90 
per cent, of the energy is lost in the form of heat, i.e. in 
infra-red radiation. 

A more efficient lamp is the discharge tube in which an 
electric discharge is passed through a gas or vapour. This 
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causes the emission spectrum of that element to be given 
out. In most cases the gas or vapour used gives out lines 
in the visible and invisible parts of the spectrum, and it 
must he so chosen that as large a proportion of waves in 
the visible part as possible shall be obtained. Other 
factors naturally affect the choice of the gas, and neon 
gas and mercury vapour are most frequently used. In 
these cases greater efficiency is obtained than for the 
metal filament lamp. The latest discharge lamps (Osram) 
have an efficiency of nearly 40 lumens per watt, while the 
tungsten filament (gas-fiUed) lamp — ^previously the most 
efficient — ^has the much smaller efficiency of 15-5 lumens 
per watt. 

Tor advertising, discharge lamps or tubes are now used 
considerably. The wattage is small so that they are 
economical in use. With neon as the gas red light is pro- 
duced, while a mixture of neon and mercury gives blue 
light when contained in ordinary glass, but green fight 
when contained in uranium glass. 

Uses of Infra-red, and Ultra-violet Radiations . — Since the 
advent of photographic plates sensitive to infra-red rays 
the science of photography has been further extended. 
As is pointed out in Chapter XY, the greater the wave- 
length the less is the scattering of fight by small particles. 
So photographs taken using infra-red plates are very much 
clearer than those taken with ordinary plates. Turther, 
since infra-red rays penetrate smoke and haze easily, 
objects a large distance away and not seen too clearly by 
the naked eye can be photographed. 

In television the object is often illuminated by infra-red 
rays. The fight reflected back falls on a photo-electric 
cell and sets up a current which can then be amplified. 
In this connection infra-red rays are more suitable than 
ultra-violet radiations, since the latter have a harmful 
effect on persons who are being televised. 

There are many other applications of photo-electricity 
in conjunction with these invisible rays. If a beam of 
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ultra-violet liglit sMning on a photo-electric cell is in- 
terrupted, the photo-electric current is changed and this 
change may he utilised to work an electrical relay and 
sound an alarm. 

Other Invisible Bays , — ^In 1895 ilontgen discovered that 
some rays were emitted from a discharge tube and were 
capable of affecting photographic paper or causing ffuor- 
escence even if opaque black paper was placed between 
the tube and the photographic or fluorescent paper. 
These rays were called X-rays or Rontgen rays, and were 
caused by the sudden stoppage of the electrons emitted 
from the cathode when they hit the walls of the tube. 
In modern X-ray bulbs the cathode, C, is made concave, 
and the electrons are focussed on to a piece of metal, B, 
called the anticathode. This is connected to the anode, A, 


in order to facilitate the discharge. A cooling arrange- 
ment (not shown in the diagram) is included, since a great 

deal of heat is generated 
by the loss of kinetic energy 
/ \ when the electrons hit the 

( \ anticathode. The X-rays 

^ <— -1 ^ ^ ^ are emitted from the an- 

\ J £ ticathode and spread out 

\ xC ^ directions. They 

powers of pene- 
tration, and will penetrate 
distances approximately proportional to the reciprocal of 
the density of the substance. Thus, paper is quite trans- 
parent to X-rays, while metals, of much greater density, 
are practically opaque. These rays are of great use in 
surgery since they penetrate through flesh far more easily 


than through bones. The power of penetration depends 
on the degree of exhaustion of the X-ray tube, and ^^hard’’ 
X-rays — ^those emitted from discharge tubes at low 


pressure — ^penetrate more than ‘‘soft"’ X-rays, from tubes 


in which the degree of exhaustion is not so great.. 

For many years the nature of X-rays was unknown, and 
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it was not until 1912 that Laue, with the help of Friedrich 
and Knipping, showed that these rays could be diffracted 
in the same manner as light. Instead of the artificial 
diffraction grating used for the latter, a crystal was used, 
the regularity of the spacing of the atoms giving the 
effect of a grating. This was the first step in showing that 
X-rays were of the same nature as light, and further experi- 
ments, notably those by W. H. and W. L. Bragg, have 
confirmed this and also given values for the wave-lengths 
of the rays. X-rays reflected by a crystal will interfere, 
since some are reflected at one crystal plane and other 
rays are reflected at other planes. For maximum reflection 
nX — %d sin B, 

where d is the perpendicular distance between the planes, 
^ is a whole number, A is the wave-length of the X-rays, 
and B is the angle between the wave front and the normal 
to the surface. By calculating d and measuring B for 
spectra of various orders, A has been determined and is of 
the order of one angstrom, varying according to the 
pressure in the discharge tube and the P.D. across the 
tube. The fact that the wave-length is so short accounts 
for the difficulty in reflecting and diffracting X-rays, for 
even the smoothest artificial surface would be too rough 
and irregular for reflecting these short rays, while it would 
be impossible to rule a diffraction grating with the lines 
close enough to diffract waves of such short length. 

Somewhat similar in properties to X-rays are the y rays 
of radium. They have great powers of penetration, 
affect a photographic plate and fluorescent paper and also 
cause ionisation in gases. It appears that y rays are 
produced by the sudden stoppage of jS particles inside a 
radio-active substance, just as the sudden stoppage of 
electrons causes X-rays. Using a modified form of Bragg’s 
X-ray spectrometer, Butherford found that y rays had 
wave-lengths of the order of 10“^ angstroms and less. 

Still shorter are the cosmic rays discovered and inves- 
tigated by Millikan in America. These waves have great 
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Fig. 130 . 


powers of penetration, and enter onr atmos- 
phere from other heavenly bodies. This 
means that energy is brought into the earth 
from outside agencies. This energy is 
possibly produced when four hydrogen 
nuclei combine to form a helium nucleus 
with a consequent loss in mass, causing 
a radiation of energy. 

The wave-length of these rays is extremely 
small, of the order of lO-^^ Their 

penetrative powers are much greater than 
those of y rays, even though some of the 
rays are absorbed in passing through the 
earth’s atmosphere. 

At the other end of the spectrum we 
have electro - magnetic waves (wireless 
waves) which are set up, for example, 
when an induction coil is worked in 
conjunction with an oscillatory circuit. 
With the ordinary valve oscillator it is 
possible to produce waves with a length 
as great as 10^^ cm., while, using the 
spark transmitter similar to that used 
by Hertz in his original experiments in 
1885, electric waves of length *002 cm. 
have been obtained, although these are 
damped oscillations. Since heat waves 
with a length of lO”^ cm. have been ob- 
tained, it will be seen that the electric and 
heat waves overlap. 

We thus have waves as short as 10”^^ 
cm. and as long as 10^^ cm., while in be- 
tween lie the y rays. X-rays, ultra-violet 
rays, visible light and infra-red rays, the 
only unknown portion being that between 


the y rays and the cosmic rays. All these radiations 
travel with the same velocity through the ether, the 



THE TNYISTBIj^ RADIATIONS 


179 


value of this velocity being almost exactly 3 x cm. per 
second. 

On the wave-length chart (fig. 130) these rays are all 
shown, and the part occupied hy the visible spectrum will 
he seen to be extremely small in comparison with the 
range of wave-lengths known. The wave-lengths are plotted 
in logarithmic fashion in centimetres. 

EXAMPDES ON CHAPTER X 

1. What are “infra-red” and “-ultra-violet” rays? Describe how 
you would demonstrate the existence of these forms of radiation. 

(Lond. Inter.) 

2. How would you investigate the laws of emission and absorp- 
tion of infra-red radiation ? (Lond. Inter.) 

3. Describe experiments to show that the spectrum of a source 
of light, such as a carbon arc, extends beyond the visible part 
at both the red and violet ends, and explain carefully the methods 
adopted to observe the different regions of the spectrum. 

Explain the principle of the Direct-Vision Spectroscope. 

4. Write a short accoxmt of the distribution of energy in the 
spectrum of a full radiator maintamed at such a temperature that 
it is emitting visible radiation. This account should show (a) how 
the spectrum may be produced, (6) how the energy distribution may 
be meas-ured, and (c) the nat-ure of the res-ults to be expected. (N.) 

5. Describe briefly how you wo-uld project a clear solar spectr-um 
on to a screen, and draw a ray diagram to ill-ustrate the arrangement 
of the apparatus. 

How would you show that the spectrum extends in both directions 
beyond the visible region ? (N.) 

6 . What are the principal points of resemblance and difference 

between radiant heat and visible light? How would you demon- 
strate them experimentally? (O. & C.) 

7. Give a general accoxmt of the solar spectrum, and compare 
the physical properties of the visible and non- visible portions of it. 

(O. & C.) 

8. Give a brief accoimt of the phenomena of phosphorescence and 
fluorescence. How would you examine the nature of fluorescence ? 

(Lond. Inter.) 

9. What is meant by phosphorescence, and how did Becquerel 

observe it ? (Lond. Inter.) 



CHAPTER XI 


THE EAIHBOW: COLOFE 

Small drops of water, whether in form of rain or of spray, 
refract and then reflect light so that by reason of the 
refraction the light is split up into its component colours. 
Sunlight, falling on raindrops, gives this effect, thus 
forming the rainbow. In every case the observer must 
have his back to the sun for a rainbow to be observed. 
The primary bow, formed by rays reflected once inside the 
raindrop, is the brightest bow, and is red on the outside and 
violet on the inside edge. The secondary bow, not so 
bright as the primary, is larger, and the colours in this case 
are in reverse order. Occasionally other bows — very faint 
ones — are seen inside the primary. These are caused by 
diffraction and are called supernumerary bows. 

The Primary Bow , — Consider a ray of light PQ falling, 
at angle of incidence on a spherical drop of water of 
refractive index /x. Some of the light passes into the drop 
in the direction QE, making an angle r with the normal, 
and meets the outer surface of the drop at R where reflec- 
tion occurs. 



Fig. 131. 

Only a fraction of the Ught is reflected, the remainder 
being transmitted. After this reflection the path of the 
ray is along RS until refraction back into air occurs, the 

180 
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emergent ray being ST. It will be seen from the diagram 

tbat A A /S A 

OQB = ORQ = ORS = 0§R =r. 


and that the angle of emergence must be i. Then the 
deviation produced is (i-r) at the first refraction, (180® 
- 2r) at the refiection, and (i - r) at the second refraction. 
Thus the total deviation (D) is 

180®-{-2i^4r. 


The maximum value for D is obviously 180°, and occurs 
when the incidence is normal. The minimum value may 
be found by differentiation, 


dD ^di 

— — 2 4. 

dr dr 


Eut for D a minimum. 


dT> ^ XT ^ 

-~ = 0, so that — =2.. 
dr dr > 


Now 

sin i^yu sin r. 

. di 

cos i -:r =1^ cos r. 
dr 


Hence 


whence 


2 cos i=iL cos r 



= Vfx^- sin^ i. 


4(1 - sin^ i) ==fji^ ~ sin^ i, 


sin ^ = 



Tor red light p = l'329, and for violet light jLt = 1*343. 
Substitution of these values shows that for red light 
^ = 59'65° and D is 137*3°, while for violet light i = 58*8° 
and D is 139*2°. 
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Now tlie liglit may be deviated by any value between 
180° and 137-3°, but most of the light is reflected at angles 
such that the deviation is either a minimum or near to 

this value. This can 
be seen from the 
graph of angle of in- 
cidence against angle 
of deviation, where 
little change occurs in 
the deviation for a 
large change in the 
20 '^ 40 “ 60 “ 80 " angle of incidence in 

Angle of Incidence the neighbourhood of 

Fia. 132. 00®^ 


>Si60 




al40 


c: 


120 



So for any raindrop illuminated by the sun, the resultant 
beam of Hght, formed after one internal reflection, will be 
most intense in a direction for which the deviation is 
137-3° for red light and 139-2° for violet light. The drops 
which reflect out this light lie on the arcs of concentric 
circles — ^the centre being on the line from the sun passing 
through the observer O. A series of cones is formed with 
the circles as bases and the observer as apex. For red 
light the semi-vertical angle of the cone is COE and 



equals 42-7° (180°-137-3°), while for violet the semi- 
vertical angle is DOE equalling 40-8°. Since large parts 
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of the circles pass below ground level, in general, the 
reflected light seen is in the form of a bow with the red 
on the outside. 

The Secondary Bow , — For certain angles of incidence the 
light is reflected twice within the raindrop before it is 
emitted in the direction of the observer. Since at each 
reflection the deviation is increased by (180°-2r), where r 
is the angle between the normal and the ray inside the 
drop, the total deviation for a ray twice reflected is 



Proceeding as before it is found that for minimnm devia- 
tion the angle of incidence is given by 

/ 9-^2 

so that the angle of minimum deviation is 229-8° for red 
and 233-6° for violet light. It will be noticed that in this 
case the emergent rays cross the incident rays from the 
sun, the angles between these rays being 49-8° (229*8°- 
180°) for red and 53*6° for violet. Consequently in this 
case another bow is formed and the order of the colours 
is reversed, violet now being on the outside. This 
bow is fainter than the primary since light is lost, to the 
observer, at each reflection. The formation of this bow 
is similar to that of the primary, and is shown by 
flg. 133. 



184 


TEXTBOOK OK BIGHT 


COLOTJB 

In studying tlie subject of colour a distinction must 
be made between coloured Kglits and pigments. If two 
coloured lights are superimposed, the colour produced is 
not the same as that obtained when two pigments, of the 
same colours as the lights, are mixed. There are two 
reasons for this difference: (1) pigmental colours are 
impure while coloured lights are pure ; (2) when coloured 
lights are mixed the resultant colour is the sum of the 
constituent colours, so that the process is one of addition. 
With pigments, each absorbs certain colours from white 
light, and the resultant colour, after mixing, is the one 
which is common to all the pigments mixed; this is thus 
a process of subtraction. 

The Colour Triangle . — ^It is found that almost all colours 
may be obtained by suitable mixture of three colours — 
red, green and blue (containing violet). These three are 
termed the primary colours, and if mixed themselves they 
produce white light. This does not mean that white light 
will emerge when it is passed successively through filters 
of red, green and blue. For a red filter only lets through 
red light which would not pass through a green or a blue 
filter. In order to mix coloured lights, separate sources 
of white light are used, one colour fi.lter being placed in 
front of each source, and the beams are made to overlap 
on a screen. Then it is found that red and green produce 
yellow, red and blue yield magenta, and green and blue 
give peacock blue. The effect is represented by an 
equilateral triangle. The primary colours are at the corners, 
and the three colours obtained on mixing the primaries are 
at the centres of the sides- The three colours — magenta, 
yellow and peacock blue — are called the secondary colours. 
In the centre of the triangle is white, which is produced 
by mixing (a) the three primary colours, or (6) the three 
secondary colours, or (c) a primary colour with the second- 
ary opposite to it in the triangle. 
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Other colours are obtained by mixing these colours in 
unequal proportions. Thus, if we pass along the side of the 
triangle from red to green we reach orange before yellow. 
The orange is the re- RED 

suit of mixing red and 
green colours, the in- 
tensity of the red being 
about twice that of 
the green. Since the 
centre of the triangle 
is nearer to the naid- 
points of the sides 
than to the corners in 135 . 

the ratio 2 to 1, it follows that white light produced by 
mixing a primary and a secondary colour will only be 
obtained when the intensity of the latter is twice that of 
the former. 

Mixing Coloured Lights . — The purest colours are obtained 
by means of the spectrometer. It will be remembered 
that Newton, after forming a spectrum, passed each colour 
through a prism and showed that no additional colour was 
produced. Also it has already been mentioned that white 
light is produced if the spectrum colours are combined 
either by means of a conwex lens or by seven small plane 
mirrors, arranged in the form of an arc. Variations of 
these methods may be used for examining the effects 
obtained when the primary colours are combined. A 
spectrum is formed on a screen which contains slits so out 
that the primary colours only pass through. These three 
colours can then be combined by use of a convex lens. Or 
one of the shts may be covered so that the result of com- 
bining two primary colours may be observed. Using the 
mirrors it is necessary to remove certain of the mirrors 
so that only the desired colours will be reflected on to the 
screen. 

The colour disc, on which are equal sectors of red, green 
and blue, gives the same effect when rotated rapidly. Best 
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results are obtained when the disc is well illuminated. 
The colours merge and produce grey (which is a mixture of 
white and black) when weakly illuminated, but white 
when the illumination is more powerful. If only two of 
the colours are used, the resulting secondary colour is 
obtained. 

These methods are not very satisfactory in practice and 
it is usually better to use three sources of white light with 
the respective colour filter in front of each. 

Mixing Pigments , — ^It has already been stated that the 
process of mixing pigments is one of subtraction of colour. 
A pigment absorbs certain of the colours of the white light 
which may fall on it, so that it then appears coloured itself. 
But a pigment contains other colours in addition to the 
one which predominates. Therefore, if two pigments are 
mixed, the colour of the mixture is the colour which occurs 
in each pigment. The effect can be seen easily by using 
filters of the primary and secondary colours. If red and 
green filters are placed together no light at all passes 
through since these colours are pure and no colour is common 
to them. But if filters of magenta and yellow are placed 
together and held in the path of white light, then the 
emergent light is red, since red is common to each of these 
colours. Similarly with magenta and peacock blue, blue 
results, while with yellow and peacock blue the result is 
green. This explains why green is produced when yellow 
and blue pigments are mixed. The yellow contains red 
and green, while the blue contains green. As green is the 
only colour common to both pigments the mixture appears 
green. 

The Pigments Triangle . — Artists usually regard the three 
primary colours as red, yellow and blue. As far as pig- 
ments are concerned this choice of primary colours is satis- 
factory, but it must not be applied to coloured lights. The 
primary colours (for lights) should be pure so that none of 
them can be formed by mixing other coloured fights. 
Strictly, the primary colours are the only pure colours. 
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Then it becomes obTions that green must be a primary 
colour since it is impossible to produce green by mixing 
together any coloured lights. But light which is apparently 
yellow can be obtained by mixing orange and green lights, 
so that yellow cannot be considered as a primary colour. 

As far as pigments are concerned, however, it is con- 
venient to regard yellow as a primary instead of green. We 
can then construct a triangle for pigments. This resembles 
the colour triangle, but if the primaries are mixed, black 
results. The same result is obtained if all the pigments 


RED 



which occur in this triangle are mixed. The great difference 
between the colour triangle and the pigments triangle is 
that the former shows the results obtained by addition of 
colours, while the latter shows the results of subtracting 
colours. 

The triangles illustrate the dijQference in meaning between 
the words ‘'tint’’ and “shade.” A tint is produced when 
white is added to a colour. A shade results when white 
is subtracted from a colour (or black is added to the colour). 

Owing to the impurities in colour of a pigment, the pig- 
ment assumes different tints as the colour of the incident 
light changes. Thus a yellow pigment may appear red 
under the influence of red light, and green when illumin- 
ated by a green coloured light. 

Since most artiflcial lamps give out a higher percentage 
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of red and orange light than does natural white light, the 
colour of an article does not appear the same when illumin- 
ated by the lamp as it does in daylight. 

Complementary Colours . — Two colours which produce 
white when mixed are termed complementary colours. 
From the colour triangle it is at once seen that yellow and 
blue, or green and magenta, or red and peacock blue are 
complementary colours. There are, however, many more 
combinations for producing white light. Any two colours 
whose positions on the triangle can be joined by a straight 
line passing through the centre of the triangle yield white 
light when mixed in the correct proportions. As an 
example, greenish “yellow is complementary with violet 
(lying between blue and magenta). 

Simple experiments on complementary colours may be 
carried out by aid of the small plane mirrors (or a single 
cylindrical mirror) on which a spectrum is formed. By 
obscuring the mirror on which red light falls, the combined 
light then is greenish-blue. If the green is cut out, 
magenta results, while elimination of the blue and violet 
produces an orange shade. Similar results may be obtained 
by using a convex lens to combine the light. If one colour 
is screened off, the complementary colour is obtained on 
the screen. 

Helmholtz found that not only are colours which 
contain ranges of wave-lengths complementary, but that 
definite wave-lengths could be combined to produce white 
light. Thus a large number of pairs of wave-lengths are 
complementary. 

Colour Vision.— is supposed that in the eye there are 
three different kinds of nerves — one being sensitive mostly 
to red light, another to green light and the third to violet 
light. Most wave-lengths excite two of the three sensa- 
tions to different extents, and certain wave-lengths, 
between about 5400 A.U. and 4300 A.U., excite all three 
nerves. White light results when each sensation is caused 
to the same extent. Thus for any two colours to be com- 
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plementary they must excite each nerve equally. When 
red light falls on the eye only the red sensation is produced. 
Yellow light excites both the red and the green sensations 
to similar extents, blue light excites all three sensations 
but not to the same extent, while violet light affects the 
violet and the red sensations, the affect on the red, however, 
being very small. 

This theory explains why it is that a white screen, 
when viewed immediately after the eye has been focussed 
on a coloured object, appears to be coloured itself. The 
apparent colouring of the white screen is always comple- 
mentary to the colour of the object jGLrst viewed. Certain 
of the nerves in the eye become fatigued by continuous 
reception of the light from the coloured object, so that 
when white light falls on the eye the other nerves are 
affected to a comparatively greater extent and the sensation 
of colour results. Thus after the eye has viewed a red 
object for some moments, a white screen seen immediately 
afterwards appears to be greenish-blue. 

A similar sensation results when the eye views a sheet 
of white paper on which several black lines are drawn. The 
nerves on which the white light falls become fatigued, so 
that if a white screen is viewed immediately, it appears 
to be a little dull (or grey) with white lines drawn across 
it. Equal quantities of light fall on all the nerves in the 
eye, but those which have been previously vievnng the 
black lines are not fatigued and are thus momentarily 
affected to a greater extent than the others. 

Similar changes in the apparent colour of an object 
occur when the object is placed on a background which is 
coloured. A green object excites both the red and the green 
sensations in the eye so that if a small green object is placed 
on a red background, the nerves affected by red become 
fatigued and the object appears to be coloured a stronger 
green than it actually is. In the same way a small white 
object on a red background appears to be green. 

If one of the sets of nerves in the eye is insensitive, the 

13 
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eye does not interpret colours correctly. Tliis gives rise 
to colour-blindness. In most cases it is tke red sensation 
which, is lacking, so that to most colour-blind persons the 
spectrum seems to be shortened at the red end, and in 
the hydrogen spectrum no red line is visible. Colour- 
blindness is sometimes referred to as Daltonism since 
Dalton, the chemist, was colour-blind and recorded his 
impressions on this subject at a time when few investiga- 
tions of it had been made. 


EXAMPLES ON CHAPTEE XI 

1. To what is colour of bodies, as ordinarily seen, to he attributed? 

(Lond. Inter.) 

2. A pure spectrum is formed on a screen which is painted green. 
What colours wiU be seen on the screen ? 

3. Wha,t do you understand by the terms tint, shade, and purity 
of colour ? 

Explain why yellow and blue pigments when mixed do not yield 
the same result as that obtained on mixing yellow and blue lights. 

4. Write a short account on complementary colours, with reference 
to the colour triangle. 

6. Describe the formation of the primary and secondary rainbows. 

6. Describe how you would show experimentally that white light 
is composed of a mixture of colours. 

Show also how these colours may be recombined to form white 
hght. (0. & C.) 
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THE VELOCITY OE LIGHT 

The velocity of light is one of the most important of the 
universal constants. It is the highest speed attainable, 
and is the speed with which cosmic rays. X-rays and 
wireless waves travel. This velocity is involved in the 
ratio of the dimensions of electrical quantities when 
measured in electrostatic units to the dimensions in electro- 
magnetic units. It is therefore important that the velocity 
of light should be known accurately. Early investigators 
found it impossible to get any trustworthy results owing 
to the very great velocity of light. 

Bomer^s Method, — Romer observed that the time be- 
tween successive eclipses of one of Jupiter’s moons was 
not always the same. He noticed that the time was 
greater when the earth was receding from Jupiter. The 
reason for this difference in the times is that when the 
earth is moving away from Jupiter the light has a greater 
distance to travel so that the eclipses appear late. By 
finding how much later the 
eclipse is when the earth and 

Jupiter are in opposition than / \ 

when these planets are in con- / — 

junction, Romer obtained a / 
value for the velocity of light 1 

in 1676 . \ ^ ^ "j '^2 

Let El, Ji be the positions \ / 

of the earth and Jupiter when 

in conjunction, S being the 

position of the sun. Then if Fig. 137. 

one of Jupiter’s moons is eclipsed, this ecKpse is noticed 

on the earth seconds later, where V is the velocity 
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of light. Nearly seven months later another eclipse 
of the same moon is observed, the earth and Jupiter 
now being in opposition. Eg and Jg. This eclipse is 
seen on the earth J 2 E 2 /V seconds after its occurrence. 
Suppose that the actual period between successive echpses 
of this moon is T seconds, and that n eclipses occur as 
Jupiter moves from Ji to J 2 , then the eclipse at Jg is seen 

nT+- ^ ^ ^ seconds after the eclipse at J^. By 

finding this time and knowing n and T, a value for V is 
obtained in terms of the distance (JaEg - J^Ei). But this 
distance is the diameter of the earth’s orbit and so may 
be found. Thus a value for the velocity of light can be 
obtained. 

This method is not extremely accurate, but it is important 
since it established the fact that light travels with a finite 
velocity. 

Bradley^s Aberration Method . — ^In 1725 Bradley observed 
that certain fixed stars appeared to have a small motion 
in space. This he found was due to 
aberration of light caused by the 
motion of the earth. Let S be the 
position of a star, and let S£lH be 
the true angle of elevation of the 
star, i.e. the angle of elevation which 
would be observed if the earth was 
at rest. Let V be the velocity of 
light and v be the velocity of the 
earth in the direction EH. Now 
while light from S travels towards 
E, the earth is moving, so that this light is received by 
an observer who was at E when the light left S, but who 
is now at E. 

Thus SFH is the apparent angle of elevation of S. Now 



E 

Fig. 138. 
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sh-owing that FE is small compared with SE. Hence if 
AE is perpendicular to SF we have 


and 

where 


AE =EF sin d 
AE=SE sin 8, 

0 = SEH and 


Thus 

or 


FE sin 9 = SE sin 8 


V sin 6 = V sin 8, 
which may be written as 


V = 


V sin 0 


S=:ESF. 


since 8 is a small angle. 

By measuring the quantities on the right-hand side of 
this expression Bradley determined the velocity of light, 
and confirmed the result already obtained by Homer. 

Fizeau^s Method , — Early attempts to measure the 
velocity of light by terrestrial methods were unsuccessful, 
and the first method to meet with success was carried out 
by Fizeau in 1849. He arranged that light from a source 
S should be rendered convergent by means of an achro- 
matic lens L, so that an image of S should be formed at I 



after the light had been reflected at a semi-silvered glass 
plate P. The fight was then made parallel by a lens A 
and passed over a distance of about five miles before 
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reaching another lens 3. This lens brought the light to 
a focus on a concave mirror C, the radius of curvature 
of which equalled CB. Thus after reflection the light 
travelled hack to form another image at I. This image 
was viewed through P by means of an eyepiece E. A 
toothed wheel T was arranged to revolve so that when one 
of the teeth was at I no light could pass. The speed of 
rotation of T was adjusted so that no image was seen. 
When this happened the light from S which passed through 
a gap between two of the teeth returned from C just as a 
tooth moved into position at I. 

Eizeau observed that as the speed of rotation was 
gradually increased, images alternately appeared and 
disappeared, as the returning light met either a gap or a 
tooth. 

Let the distance lC = d, and let the angular velocity of 
T he w radians per second for the first disappearance, i,e, 
the smallest speed of the wheel for which no image is seen. 
This occurs when the light from S passes through a gap 
and on returning is intercepted by a tooth adjacent to 
this gap. If the wheel has n teeth and the width of a 
tooth equals the width of a gap, then for the first dis- 
appearance T must have turned through an angle tt/w 
radians. The time taken for this is ttItiw seconds. But 
in this time light travels from I to C and back. 

Hence 

^ Distance moved 
Time taken 
2d 

Trjnw 

2dnw 

= 9 

7T 

where V is the velocity of light. The value of V obtained 
by Eizeau was 3T5 x 10^® cm. per second. 

It is possible to criticise this method in several instances. 
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For example, wlien light from S is intercepted by a tooth, 
some of the light is reflected back into the eyepiece and 
causes the field to be illuminated. This disadvantage was 
overcome by Young and Forbes, who repeated the experi- 
ment in 1880. They bevelled the teeth so that this light 
was reflected to the sides and not into the eyepiece. 
Another disadvantage overcome by these experimenters 
was the loss of light at the semi-silvered plate P. Of the 
incident fight from S only half was reflected at P, and of 
the light which returned from C only half was transmitted 
into the eyepiece. Consequently the image was rather 
faint. Young and Forbes used a silvered glass plate 
with a small area unsilvered near to the centre* A third 
difficulty in the original experiment was to tell the exact 
speed of the wheel for which the fight returning from 0 
was stopped by the middle of the tooth. This difficulty 
was overcome by Cornu in 1874. He measured the speed 
of rotation when the brightness of the image decreased to 
a certain value, and again found the speed when the image, 
after disappearing, reached the same degree of brightness 
as before. 

Cornu experimented over a distance of nearly 15 miles, 
the mean of his results for the velocity of fight being 
3-004 X 10^® cm. per second. 

Young and Forbes slightly changed the method for their 
experiment. The combination of B and C was arranged 
to reflect back only half of the parallel beam from A. 
The other part of the fight passed on to an exactly similar 
combination of lens and concave mirror farther away. 
This fight on returning to I had travelled a greater distance 
than that reflected at C. The velocity of fight was deter- 
mined by finding the speed of rotation of the wheel for 
which the two images formed at I were equally bright. 

Foucaulfs Rotating Mirror Method . — Ten years after 
finding the velocity of light by the toothed wheel method 
Fizeau — now in conjunction with Foucault — set out to 
determine the velocity by a rotating mirror method. The 
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metliod is usually attributed to Foucault because the 
partnersbip was dissolved before the experimental details 
were completed, and Foucault then proceeded to carry 
out the experiment himself. 

Light from the source S is made slightly convergent by 
means of an achromatic lens L, is rejected from a plane 
mirror M, and brought to a focus on a concave mirror C. 
The plane mirror is capable of rotation at a high speed 
about an axis perpendicular to the plane of the paper. 
The centre of curvature of C lies on this axis, ensuring 
that the beam reflected from C to M will travel over exactly 
the same path as the incident beam. The reflected beam 



thus forms an image at S. For convenience of observation 
a semi-silvered glass plate P is introduced, so that the 
final image is seen through an eyepiece at A. 

Now suppose that M is rotated rapidly. In the short 
interval of time necessary for the light to travel from 
M to C and back, M rotates through a small angle and 
the light reflected from M travels back along a slightly 
diflerent path. Thus the image is seen at B instead of at 
A. This distance AB is very small, but it can be measured 
by means of an eyepiece. The only other measurements 
req[uired are certain distances and the speed of rotation of 
the mirror. 

Let SL =a, LM = fe, and MC =d, and w radians per second 
be the angular velocity of M. Also let the time taken 
for the hght to travel from M to 0 and back to M be i 
seconds. 
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Wlieii M is at rest tlie liglit returning to L appears to 
diverge from X, wiiere X is the image of C formed by M. 
When M has moved through an angle wt^ the returning 
rays appear to come from Y. 

Since a reflected ray is turned through twice the angle 
through which the mirror turns, XY must subtend an angle 
^wt at M, for M itself turns through wt. 

Hence 

XY = %wtd^ 

since 

XM=MC=(f. 


Xow AB, or ST, is the image of XY formed by the lens 

AB _ a 

or 

2wtda 


AB: 


b + d' 

Writing Y for the velocity of light we have 

2d 


V = - 


so that 


or 


AB: 


t ^ 

Awd^a 

^Yijb+dy 

4:wd'^a 


x{b +dy 

where x = A’B. 

A great drawback to this method is that the distance 
MC must be small. At the same time this is partly an 
advantage in that the experiment can be performed in a 
laboratory. As M rotates, it reflects light in all directions 
in the plane of the paper. So if 8 is the width of C, only 
8 

during a fraction - — ; of a revolution does Hght fall on C. 
47ra 
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TMs means that the brightness of the image at B is this 
fraction of the brightness of the image seen when M is at 
rest. If MC is increased then the brightness of the image is 
reduced. Michelson repeated this experiment in 1882, 
and to a large extent overcame this difficulty by placing 
the achromatic lens L between M and C. The diameter 
of L was fairly large, so that light was made to fall on G 
for a much larger fraction of a revolution of M than before. 
By this arrangement it was possible to increase the distance 
CM to 600 metres without any loss in brightness of the 
image. 

As a conseq[uence the displacement of the image was 
increased to 133 mm. In Foucault’s experiment the dis- 
placement was 0-7 mm. for a distance of 20 metres between 
M and C, the value for V being 2*98 x lO^^ cm. per second. 

It should be pointed out here that the laws of reflection 
— ^which are proved for stationary mirrors — are assumed, 
in this experiment, to be true, although the mirror M is 
rotating. 

Foucault repeated his experiment with a long tube of 
water placed between M and C. He found that the dis- 
placement of the image was greater than before, and so 
proved that the velocity of light is greater in air than in 
water. This result was of the greatest importance, since 
the corpuscular theory of light req[uired a higher velocity 
the denser the medium. Foucault did not actually deter- 
mine the velocity in water, but Michelson, using a similar 
apparatus, found that the ratio of the velocity in air to 
that ip. water was 1*330. Since the refractive index of 
water is 4/3 the result is in good agreement with that 
ejected on the wave theory of light. 

\JJ Michelsov/s {Mount Wilson) Method . — ^None of the 
methods described as yet is extremely accurate, and the 
most reliable value for the velocity of light is the one 
determined by Michelson. Light from a source S is 
reflected at one of the faces of an octagonal mirror M, and 
by a system of mirrors (or right-angled prisms arranged 
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to reflect the light) it falls on a concave mirror C which 
produces a parallel beam. This beam travels to another 
concave mirror D, at the focus of which is a small plane 
mirror P. The light is thus made to return along a similar 



path, and on returning to 0 it is reflected through A, 
which is semi-silvered, to a small mirror B. Here reflection 
occurs, and the beam falls on another face of the octagonal 
mirror before being brought to a focus at I where it may 
be conveniently observed. 

The octagonal mirror is rotated and its speed gradually 
increased until the image I is in exactly the same position 
as the one it occupied when M was at rest. Por this to 
occur M must turn through one -eighth of a revolution 
while the light travels to P and back. Thus, instead of the 
returning light hitting the same face as before, it now hits 
the adjacent face. For greater speeds of rotation of M 
the same eflect occurs, so that while the light travels to 
P and back, M turns through one-eighth or two-eighths or 
three-eighths ... of a revolution. 

Taking the first of these cases, we find that M must have 
turned through an angle 277 / 8 radians while the light 
travelled to P and back. Hence 

277 2d^ 

or 

^ 8dw 

where w is the angular velocity of M in radians per second 
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and d is tlie distance the light travels from S to P, V being 
the velocity of light. 

The distance d was approximately 22 miles between 
Mount Wilson and S. Antonia. Great accuracy was 
obtained in this experiment, and the value obtained for 
the velocity of light, 2-9983 x 10^® centimetres per second, 
is considered to be very reliable. 


EXAMPLES ON CHAPTER XU 

1. Describe how it has been proved that the velocity of light is 

less in water than in air. Explain the theoretical importance of 
this result. (Lond. Inter.) 

2, How can it be shown by direct experiment that light travels 
slower in water than in air ? 

What evidence have we that blue rays have the same velocity as 
red rays through free space, but a smaher velocity in glass ? 

(Lond. Inter.) 

8. Give an account of some method by which the velocity of light 
has been determined. How has it been shown that the velocity of 
a light signal in water is less than its velocity in air ? (O. & C.) 

4. Give a brief account of not more than three of the experi- 

mental methods which have been employed to determine the 
velocity of light. (N.) 

5. Explain fuUy how the velocity of light has been determined 
from astronomical observations. 

Calculate the ratio of the longest to the shortest interval between 
successive eclipses of one of Jupiter’s moons, being given that the 
orbital velocity of the earth is 'v cm./sec. and the velocity of light is 
Y cm./sec. (Lond. H.S.C.) 

6. Draw a diagram showing the arrangement of the apparatus 
and the path of the rays of light in Pizeau’s toothed wheel method 
for measuring the velocity of light. 

What are the chief difficulties met with in carrying out the ex- 
periment ? 

If the wheel has 150 teeth and 150 spaces of equal width, and its 
distance from the mirror be 12 km., at what speed, in revolutions 
per minute, will the first eclipse occur? (Yelocity of light = 3 x 10^® 
cm. per sec.) (N.) 
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7. Give a critical accoxmt of Eizean’s method of determining the 
velocity of light. Point out the disadvantages of the first experi- 
ment, and explain how they were overcome by subsequent experi- 
menters. 

8. A beam of light is reflected by a rotating mirror on to a fixed 

mirror, which sends it back to the rotating mirror from which it is 
again reflected, and then makes an angle of 18° with its original 
direction. The distance between the two mirrors is 10® cm., and the 
rotating mirror is making 375 revolutions per second. Calculate 
the velocity of the light. (Lond. Inter.) 

9. Describe the revolving mirror method of measuring the velocity 
of light, and explain how the value would be deduced from the 
observations. 

Using this method the velocity of light in water was shown to be 
less than the velocity of light in air. Of what importance is this 
result ? (Lond. H.S.C.) 

10 . Describe the revolving mirror method of determining the 

velocity of light, and show how the result is calculated from the 
observations made. (O. & C.) 



CHAPTER XIII 


THEORIES OF LIGHT 

The Corpuscular Theory . — Before the time of Newton it 
had been suggested that light rays consisted of particles 
or corpuscles moving with a very high velocity. When 
these particles reached the eye they caused the sensation 
of vision. It is easy to see that on this theory the recti- 
linear propagation is at once explained, for the high speed 
particles move in straight lines. Newton took up this 
theory and elaborated it in order to explain reflection and 
refraction. 

In the case of reflection he assumed that the particles 
experienced a force of repulsion when they neared a 

reflecting surface, and so re- 
bounded with no change in 
their velocity (v). Since the 
component velocity parallel 
— to the reflecting surface is 
unchanged, v sin i=v sin r, 
where i and r are the angles of incidence and reflection re- 
spectively. Hence i —r, and since the paths of the particle 
before and after reflection are 
in the same plane as the normal 
at the point of incidence, the 
laws of reflection are verified. 

If, however, the particle ap- 
proaching a surface is in a differ- 
ent condition it may be attracted 
to the surface and so pass into 
this other medium. In this case, 
taking /z, > 1 for the substance, the path of the particle is 
bent towards the normal as it passes from air to this 
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medium. If i and r are the angles of incidence and refrac- 
tion, and V and are the velocities in air and the medium 

V sin sin r 

since the component velocities parallel to the boundary 
face are the same. 

sin i v' 

Thus — = ~" =a constant for the two media, 
sin r V . 

This result is of great importance, since it not only 
agrees with Snell’s Law of Hefraction, but also proves that 
the velocity of Hght is greater the denser (optically) the 
medium through which it travels. 

Another case was considered by Newton — ^that of simul- 
taneous reflection and refraction. To explain this, he 
assumed that the particles had ^^fits,” so that some were 
in a state or condition favourable to reflection, and others 
in a condition suitable for transmission. 

No explanation of interference, diffraction or polarisa- 
tion of light was attempted, for indeed little was known 
about these phenomena at Newrfcon’s time. 

The Wave Theory . — rival theory was advanced in 
1679 by Huygens, who postulated that light travelled in 
the form of waves. 

A difficulty is met right at the start, for according to 
the wave theory Hght should travel round obstacles as 
sound does. Consequently the theory does not, at first 
sight, explain the rectilinear propagation of light, and this 
was one of the reasons which led Newton to reject the 
wave theory. 

Just as water waves are set up when a stone is dropped 
into water, so we imagine that light waves are set up by 
the vibrations of electrons in incandescent substances. But 
the waves need a medium to travel through, and since light 
travels through space, it is necessary for that space to 
have the property of transmitting waves. The medium 
is called the ether, and it must possess elasticity {i.e. be. 
able to withstand a stress), as well as density or inertia. 
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The vibrations in the wave leaving a point sonrce are as- 
sumed to be in simple harmonic motion This is a 

^ special form of vibration, and is de- 

fined as the projection of uniform 
circular motion. Thus if P moves 
round a circle of radius a, with uni- 
form angular velocity w, its projec- 
tion N on any diameter AB moves in. 
simple harmonic motion. If we im- 
agine P to start from C, where COA = 
90°, then after a time t, '2Q0=zwt, 
and the displacement of -NT = OH = 
a sin wt. So writing y for the displacement we have y = 
a sin wt. 

If T is the time for a complete rotation of P, then 
P describes an angle 27r in T secs., and hence tt?T = 27r. 
^rrt 

So sin -jjp, which is often written in the form 


N 






Fia. 144, 


y = a sin 2rmt^ where n is the frequency of vibration or 
the number of complete waves emitted per second. 

If P does not start at C when we commence timing, a 
phase angle e is introduced, and the general expression 
is y~a BUI {27Tnt -{• e). This means that when t — 0, 
y^a sin e. 

The phase of a particle moving in S.H.M. is the fraction 
of the period which has elapsed since the particle moved 
past its initial position. The phase angle (e) is thus the 
angle between OP (wherever the initial position of P may 
be) and OC measured in the direction in which P moves. 
The maximum displacement possible is a, which is called 
the amplitude of the motion. It is thus possible to re- 

. 3 ^ 

O 

present the propagatioW of light waves by a sine curve. 
The distance between consecutive particles which have the 
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same displacement and which are moving in the same direc- 
tion is called the wave-length. It is obvious that if is 
the frequency and A is the wave-length, V =nA, where V is 
the velocity of the wave. 

Belationship between Intensity and Amplitude. — ^In wave 
motion the energy is taken along with the wave, the 
medium being in the same condition after the wave has 
passed as it was before. This energy is proportional to 
the square of the amplitude of the motion. "d 

The energy of N (fig. 144), moving in simple harmonic 
motion, is partly potential and partly kinetic, but the total 
is always the same. The proportions of these forms of 
energy vary, and when N is at O the energy is all kinetic. 

L 

Energy = per c.c. 


where p is the density. 

But the intensity of illumination I depends on the energy 
received. Thus 

I oc 


Also, since 


I oc 


1 

(distance)^’ 


amplitude qc — — . 

distance 


Huygens^ Explanation of Rectilinear Propagation , — ^In 
order to overcome the initial difficulty of explaining recti- 
linear propagation on the wave theory, Huygens’ assumed 
that each point on the wave front could be treated as a 
source of secondary waves. If ABCD (fig. 146) is part of a 
spherical wave front, each point on ABCD gives rise to a 
spherical wavelet which after a time t will have travelled 
a distance vt, where v is the velocity of light in the medium. 
The disturbance originating at B will have spread to B', 
that from C will have reached C', and so on. Since these 
disturbances are taking place simultaneously the wavelets 

14 
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all overlap to give a resultant wave front XY. The parts 
of the wavelets which overlap are moving in different 



directions, and the components at right angles to the 
direction of propagation at any point cancel out. 

In a similar manner the principle may be applied to 
plane waves or converging waves as shown. 



If a curved wave diverging from O (fig. 148) meets an 
obstacle in which there is a small aperture S, the resultant 
wave is diverging but has its centre at S instead of O, the 
original centre of the disturbance. 

There is still a difficulty, however, for the secondary 
waves emitted by points near to edges of the initial wave 
are curved, and so show that the light is not travelling 
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entirely in straight lines, hut bends round corners. An 
explanation was later forthcoming from Fresnel, who 



showed that this departure from the rectilinear propaga- 
tion depended on the wave-length and was extremely 
small in the case of light where the waves are very short. 

Although light is said to travel in rays — on which 
supposition almost the whole of geometrical optics is* 
based — ^it is quite impossible to obtain a ray of light. If 
light is passed through several small circular apertures in 
succession, the emergent light is found to spread out almost 
as though the source of light is at the last of the apertures. 
Thus a ray of light is used merely for convenience, and 
should be understood to mean the direction in which some 
point on the wave front is travelling. 

Fresnel’s Half -Period Zones , — Let OP be the normal to a 



wave front ABCD, and let OP With centre P and radii 
A 2A 
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draw spheres cutting ABCD in circles of radii a^, etc. 
The areas enclosed are called half-period zones. Let OZ 
be a line cutting the circles at X, Y and Z. Now the 
secondary waves emitted from O travel a distance r to 

reach P, while those from X travel r There is thus a 

phase difference of between these waves, and similarly a 

phase difference of exists between waves from X and 

those from Y. So for each point in the first ring there is a 
point in the next ring such that the waves sent out reach P 
exactly out of phase. Thus the resultant intensity at P 
^can he written as 

I =5;^ — ^2 *4" ^3 — ^4. 4" . . 

where Si, ^3 • • • represent the contributions of each zone. 
Now the magnitudes of s^, Sa, Sg . . . depend on 

(1) the area of the zone, 

(2) the obliquity of the direction to P and the distanc'e 

to P. 

Now the areas can be shown to be equal if we neglect 
as A is small compared with r. 

Por 

ai2=PX2-P05i 
= (r-hA/2)2-r2 
=rA . . . neglecting A^/4, 
so that the area of the first ring 

=7rai^=7TrA. 

Similarly, the area of the second ring 

= 27rrA — tttK = tt^A, 

and the area of each ring ^irrX. 

Now the obliquity and distance to P increase as we 
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move along OX. Hence the numerical values of $ 2 , Sq, 
. . . gradually decrease, although approximately 


^2 




etc. 


/. 1 = 51 -^ 2 + 53 - 54 + . . . 




+ . . . 



So the resultant intensity at P due to the waves from 
ABCD is half the intensity caused by the waves from the 
first half-period zone. 


If a circle of radius 


V 2 


is described about O the area is 


half that of the first zone, and the resultant intensity at P 
may be considered as due to this tiny area, all the light 
from other points on the wave front interfering and so 
having no resultant efiect at P. Now OP is a ray of light, 
and so it follows that since O can be at any distance from P 
the light reaching P must come from O or the small area 
round it. Thus, if an obstacle is interposed, a shadow will 
be cast at P only when the obstacle enters the very narrow 
cone which has P as apex and the area round O as base. But 
this area is very small, for taking A = 6 x 10“® cm. for yellow 
light, and r — l metre, it has a radius of about -055 cm., 
and so may be considered almost as a point. Thus Fresnel 
satisfactorily explained the rectilinear propagation of light 
and the formation of sharp shadows on the basis of the 
wave theory. The great difierence between this case and 
that of sound waves, which are easily diffracted, lies in 
the magnitude of the wave-length. Taking a correspond- 
ing case for sound, A = 4 ft., or 120 cm. approximately 
for middle C, so that if r = 1 metre, as before, the radius of 
the area around O would be approximately 78 cm. The 
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difference between tke two cases considered is at once 
apparent. 

We shall return to this^theory of zones in the chapter on 
diffraction of light. 

JReflection and Eefraction at Plane Surfaces , — Let ACE 
be a plane wave incident on the reflecting surface XY. 
When A reaches the surface, B has still to travel a distance 
ED while C has to move OE. While the secondary waves 
emitted from B and C travel to the mirror, the wave emitted 
from A starts out from the surface and has a radius vt 
after a time t. 

This distance will be equal to BD by the time the wave 
from B reaches the surface, and so the new wave front 
must pass through I) and touch a circle of radius BD 



drawn about A as centre. In the same time a wave 
from C has reached E, and a secondary wave will have been 
set up and will have moved a distance (BD CE) =DE, 
from E. It is obvious from the diagram that a circle of 
this radius will just touch the new wave front DH since 

be eg 

the ratio oi the radii ==-—===-—. 

DA AH 

Thus for any other point similar to C the secondary 
wave emitted will just touch this line DH after reflection 
occurs. 

Since DB=AH, B1D=A1)H, or the angles of incidence 
and reflection are equal, the angle of incidence being BAD, 
the angle between the wave front and the surface. 

The treatment is similar in the case of refraction, but 
here the velocity in the second medium differs from that 
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in the first. Taking v as the velocity in the first medium 
and v' as that in the other, then while the wave from B 


moves to I), that from A moves % distance 


BD . 


The 


wave front in the second medium will thus he a line DH 
which passes through D and is a tangent to a circle of 

radius described about A. The wave emitted from 

V 

C will meanwhile have reached the refracting surface at E, 
and a secondary wave will have been emitted from that 
point and will have travelled 


a distance 


FD 


into the 


second medium. The new 
wave front DH will then be a 
tangent at G to a circle of this 
radius described about E as 

^ ^ EG DE ED 

tor 



So every point on the incident wave front AB gives rise 
to a point on the refracted wave front DH. Snell’s law 
of refraction may be deduced in this case, where the angle 
of incidence is BAD and the angle of refraction is A1)H. 


sin^^BD/AD 
sin r AH/AD 
BD 
“AH 

V 

= — = a constant for the two media. 

V 

Now this result is not the same as that obtained on the 

sixi i u 

corpuscular theory, where it was found that . An 

^ sm r V 

experiment by Foucault showed that the velocity in water 

was less than the velocity in air. This shows that v > v' 
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when i > T, thus bearing out the waTe theory and over- 
throwing the corpuscular theory. Since fx for water = 4/3 
and the value found for we are led to the con- 

clusion that 

V 


where v is the velocity in air or vacuo, and v' the velocity 
in a medium of refractive index fi,. 

Simultaneous reflection and refraction — so difficult to 
explain by the corpuscular theory — ^is easily explained on 
Huygens’ principle that each point on the wave front gives 



originating from O, a point on the axis of a spherical 
reflecting surface APH. a e 


Let the wave front be 
ADB when the wave 
first meets the surface. 

Now taking the surface 
to be small compared 
with the radius of cur- 
vature PC — a condition 

which usually obtains in b% Fig. 153. 

practice — then while the disturbance at D travels to P, new 
waves at A and B will be set up and will travel to E and 




THEORIES OE LIGHT 


213 


F respectively, where AE =BE = PI). The reflected wave 
front is thus EPF, and converges to a point I on the optic axis. 

Draw perpendiculars from A and E to PC. Then 
AG = EH=ir (say). Also u, v and r equal PO, PI and 
PC respectively 


CONVENTION A 


DG- 






PG=|- 

2r 

approximately. 

But 


DG= - 


CONVENTION B 


2u^ 
PG = 


PH= - 


2v’ 


v2 


2r 

approximately. 

PH=PGh-GH 
= PG+PD 
= 2PG-DG 


DG = 


CONVENTION C 

= — PH— 

2 ^ 6 ’ 2v^ 


PG-^ 


2r 

approximately. 


PH + DG = 2PG. 


Hence 

— H =2— 

2v 2u' 2r 

or 

112 
“ + ~ “j 

V u r 


the general formula for spherical mirrors, 

Befraction through a Lens . — ^In the diagram, CDE repre- 
sents the wave front of a wave emitted from an object O on 



the axis of a lens AB. As the wave front at D moves through 
the centre of the lens other parts of the wave have smaller 
thicknesses of glass to pass through, and the disturbances 
at C and E travel to F and H respectively, while that at D 
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reaches G. So FGH is the transmitted wave front which 
converges to I. Now the optical paths are equal so that 

= .DG. 

Draw perpendiculars from A, 0 and F to the optic axis 
of the lens. Then taking AP( = CQ =FB) —h, 


CONVENTION A CONVENTION B CONVENTION C 

PG=^. gr=-L. I’G=-^. gr=^, 


approximately, taking and rg as the radii of curvature of 
the lens faces ADB and AGB. 


Hence CF = jLt.DG 

or QD + DP 4- PG + GR = ^(DP + PG) 

or QD + GR = - 1)(DP + PG), 


whence 


2u 2v 


A2 

ft ^ ft 






When 

U = cx) ^ V =/, = CO V =/, 

so that so that 

the general equation for lenses. 


V 'll 

When 


or 

V 'll ^ \r-^ 7*2 


ft _ . ft _ _ 


2'W 2*2? / ^2 2?^ 2^? 

•-”(/^~l)(ftI ■ft” “ (/^ 


= (/-- 1)^27, ^ 

or 

11, /I 

— I — = — 

V u ^ 

When 

^ = 00 ^ ^ = 
so that 

j — ifi'- l)(— + 


Dispersion . — Since violet light is more refrangible than 
red light, it follows that violet light must have a smaller 
velocity than red light. This is only true when the waves 
are passing through a medium of refractive index greater 
than unity, for when hght travels through air or a vacuum 
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(^ = 1*0) all colours and waTe -lengths travel at the same 
speed. 

When a plane wave is refracted through a prism the 
emergent waves can he obtained as. shown in the diagram. 
ABC is the prism and PQ is the wave front. While the 
wave from P travels 
to A the disturbances 
from Q travel dis- 

PA ^ PA 
tances and 

f^r 

where ixr and are 
the refractive indices 
for r e d and violet light . 

The wave fronts in 
the prism are thus AR 
and AS. These waves travel through the prism, and by 
the same construction the emergent wave fronts may be 
found — WX for the red and YZ for the violet light. Thus 
the violet light is deviated more than the red in the pas- 
sage through the prism. 

Other phenomena which are satisfactorily explained by 
the wave theory are interference, difcaotion and polar- 
isation. These are dealt with in the following chapters. 
Before these are considered it may be of interest to point 
out some difficulties which exist at present in the wave 
theory. 

The quantum theory, with its conception of light quanta 
or bundles of energy which travel in straight lines, is not 
very difierent from the corpuscular theory with its rapidly 
moving particles, although the light quanta are not 
material bodies. Yet it is necessary to apply the quantum 
theory to explain a number of effects which have so far 
not been explained satisfactorily by the original wave 
theory. One instance of this is the photo-electric effect 
which has already been mentioned in connection with the 
detection of ultra-violet radiation. The emission of electrons 
from a metal plate when illuminated depends not only 
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on the intensity o£ the light hnt on its frequency. If the 
frequency falls belo^r a definite value for that metal no 
electrons are emitted. The wave theory indicates that 
energy of light and intensity are proportional, whereas the 
quantum theory explains the photo-electric effect by 
postulating that light energy travels in bundles equal to 
hn, where h is Planck’s constant and n is the frequency of 
the incident light, so that if n is too small there is insufiicient 
energy to liberate electrons. 

Another efiect which presents difficulties when viewed 
from the wave theory is the Compton effect. Compton 
found that when X-rays are scattered by a metal obstacle 
the wave-length is changed. Scattering of light by tiny 
particles is a common occurrence, but no wave-length 
change is expected. On the quantum theory the change 
is explained by assuming that some of the energy of the 
light quanta is given to the electrons hit by the quanta. 
Thus the frequency of the scattered radiation is less than 
that of the incident rays. Experimental results are in 
close agreement with those expected by the quantum 
theory. 


EXAMPLES OH CHAPTEB XIII 

1 , Wliat are the reasons for believing that light is propagated 

in waves and that the wave motion is transverse to the direction of 
propagation? (Lond. Inter.) 

2. Show that the expression 

y =a sin 

represents a train of waves of amplitude a and wave-length 2. moving 
along the x axis with velocity -y. Draw curves showing the variation 

of the displacement 2/(1) with the time at a point x~~, and (2) with 


a; at a time t =-. 

V 


(Lond. Inter.) 


3. Write an essay on “The Development of the Wave Theory.’* 
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4. Apply the principles of the wave theory to establish the 
formula 

'i) U T 

for refraction at a spherical surface of radius t separating two media 
of refractive indices and (Camb. SchoL) 

5. Show that the curvature of a wave emerging from a lens is 
always equal to the sum of the curvature of the incident wave and 
the curvature impressed by the lens on a plane wave. 

Find the curvature impressed on a plane wave by a double-convex 
lens, the radii of whose faces are 20 cm. and 25 cm. respectively, the 
material having refractive index 1-5. (Camb. SchoL) 

6. Explain the refraction of light on the undulatory theory, and 

show that the refractive index is the ratio of the velocities of light 
in the two media. Indicate (but do not prove) how the formulae 
for the refraction of light by spherical surfaces and by lenses can be 
obtained on this theory. (Camb. SchoL) 

7. Apply the principles of the wave theory to find the relation 
between the focal length of a thin lens, the radii of curvature of the 
surfaces, and the refractive index of the material. 

If a convex lens of focal length 15 cm., made of glass of refractive 
index 1*62, is totally immersed in a liquid of refractive index h35, 
how will its focal length be affected ? (Camb. SchoL) 

8. Give reasons for regarding light as a vibration propagated 
through a medium. 

On this theory show that the refractive index of a substance is the 
ratio of the velocity of light in vacuo to its velocity in the substance. 

(Camb. SchoL) 

9. Light from a point source falls on the plane surface of a trans- 
parent medium of refractive index jj,. Discuss the ensuing phe- 
nomena from the point of view of the wave theory of light. (O. <& C.) 

10. Give an elementary account of the wave theory of light, and 

prove by its means that the focal length of a concave mirror is equal 
to half its radius of curvature. (0. &: C.) 

11. Show how the refraction of light may be explained in terms of 

the wave theory. What physical meaning has refractive index 
according to this theory ? (0. & C.) 
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If two waves of equal amplitude and frequency travel over 
the same path, the resultant displacement at any point 
depends on the phase difference between the waves. The 
two waves superimpose and the resultant displacement 
at any point along the wave trains is obtained by taking 
the algebraic sum of the displacements at that point. It 
is thus possible for the displacement to be zero, if the phase 
difference is 180°. This occurs for all wave forms — ^for 
water waves, for sound waves where compressions due to 
one wave may exactly balance rarefactions due to another 
wave, and for transverse waves such as light. Such 
waves are said to interfere with each other destructively, 
and the principle of interference has been employed in 
using Presnel’s half-period zones to show that the recti- 
linear propagation of light can be deduced approximately 
on the basis of the wave theory. The effect found there 
was that the displacements of the waves from one zone 
balanced the opposite displacements of the waves from 
another zone. 

Although Newton had performed an experiment which 
is used nowadays to demonstrate interference effects, no 
thorough explanation was given until the time of Young, 
who, in the early part of the nineteenth century, established 
the principle of interference. The chief reason for this 
long delay was the fact that the corpuscular theory, with 
Newton’s authority behind it, was the accepted theory of 
light, and it was impossible thus to show how two beams 
of light could cause darkness. 

If we represent two light waves by the expressions 

y^:=za sin and sin {2TTnt -h e) 
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we have two similar waves differing only in phase. The 
resultant displacement is found by addition and 

« 

y = 2 /i + 2/2 = 2a sin (27rnt + 0 cos ^ 

f A € 

= A sin 27mt + - ) where A = 2a cos 

V 2/ 2 

The new wave is of the same type as the originals, but 
the amplitude, A, depends on the phase angle 6. 

A = 0 when € = (2^~l)7r, where h is an integer, and 
A = ± 2a when € = 2^7r. 

So the amplitude varies with the phase difference as 
shown in the accompanying graph. 

t 

Amplitude 

A 

Fia. 156. 

It is often more convenient to represent the difference 
in path which light rays may have, rather than the difference 
in phase. The expression for the wave is then generally 
written as 

2*77 

y=a sin -:-{vt + x ) , 

A 

where A is the wave-length, v the velocity of light and x/X is 
the fraction of a wave-length travelled before the timing 
commenced. Substituting 2TTxjX for € in the above equa- 
tions we find that 

A = 0 when = 

i.e. when x is an odd number of half wave-lengths. 

Similarly the amplitude, and hence the intensity, is a 
maximum when x equals a whole number of wave-lengths. 
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Conditions for Interference . — In order to produce visible 
interferenee effects it is necessary to have two beams of 
light which : 

(1) originate from a single source of light, 

(2) have the same amplitude . 

Experiment shows that if two sources of light are used, 
interference does not result. This is probably due to rapid 
changes of phase that occur in any source of light owing to 
collisions between vibrating particles. The amplitudes 
must be the same, otherwise the one beam has larger dis- 
placements than the other, so that although variations in 
the resultant intensity occur, true interference does not 
result. If the freq[uencies are slightly different then the 
resulting amplitude varies according to the difference in 
frequency. The corresponding effect is more noticeable 
in sound when two such waves superimpose, and the 
phenomenon of ^'beats’’ results. 

The experiments performed in order to demonstrate 
interference will now be considered. 

Young’s Experiment . — ^As previously mentioned. Young 
was the pioneer of interference, and in his demonstration 
of interference effects he illuminated two pinholes, S and 
S'^ with the light from the same source — an illuminated 
aperture, X — and produced bright and dark bands or 

I ® 

[x A 

I 

S’lo. 167. 

fringes on a screen PY. Instead of forming the bands on 
a screen, a travelhng microscope or Bamsden’s eyepiece 
may be used, and the bands observed directly. If P is 
the central point on the screen, and PA bisects SS' at 
right angles, then if PY is parallel to SS' there will he 
darkness at Y, provided S'Y > SY by an odd number of 
half wave-lengths. 
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XiCtj 

Then 

and 

Hence 

or 


88'= 2d, PA = I), and PY=2/- 
S'Y2 = D2 + (2/ + d)2, 

8Y^ = T>^^{y~d)\ 

8'Y^ -8Y^ = 4:yd, 

(S' Y - S Y)(S'Y + SY) = 4yd. 


But the interference hands observed are all close to P, 
and SS' is small, so that both y and d are very small 
compared with D. 

So we may write 


and 


S'Y + SY=:2D, 

2D D ■ 


Thus the- path difiEerence 

so that for darkness 


^yd 
'' B ’ 


2yd 

^ = (2n-l)5, 


while for reinforcement 


2yd 

D 


= 7^A, 


where is a whole number. 

The distance between consecutive positions for reinforce- 
ment is evidently since for the ^th bright point 

2a 

y and for the {n -h l)th bright point y = ^ 

difference between the two values of y being AD/2d. 

If we consider the effect at a point Z on the screen, 

15 
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where YZ is at right angles to PY, the path diifference is 
the same as before, proTided YZ is small. In this case we 
have 


(S'Z - SZ)(S'Z + SZ) = 4:yd, 


and again we may take 
giving 


(S'Z + SZ) = 2I) 
S'Z-SZ = ^. 


So if there is darkness at Y there is darkness at points on 
a line on the screen through Y cutting PY at right angles. 

Hence a number of bright and dark bands all perpen- 
dicular to PY are produced on the screen, these bands 
being called interference bands. 

The theory of this method is involved in many of the 
other experiments on interference, and it should be noted 
that the interference bands produced are equally spaced, 
whereas diffraction bands, which will be dealt with in the 
following chapter, are not equally spaced. 

A further point to be noticed is that the distance between 
the bands depends on A, the distance being greater with 
red light than with blue light. If white light is used the 
central band at P is white, the next bright bands, one on 
each side of P, are ‘almost white but possess slight coloura- 
tion, while further from P are coloured bands which are 
rather confused by reason of various wave-lengths 
overlapping. 

FresneVs Experiments, (a) Mirrors . — single source of 
light is used as before, but in this case it is an illuminated 
slit, X, its length being parallel to the line of intersection 
of two plane mirrors M and N, which are nearly at 180'^ to 
each other. An image of X is formed by each mirror, and 
so we have the equivalent of two slit sources of light at S 
and S'. The distance between these images can be 
adjusted by varying the angle between the mirrors. On 
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the screen are formed interference bands exactly in the 
same manner as in Young’s experiment, and the distance 
between consecutive bright bands can be measured. 



Let the obtuse angle between the mirrors be (180° - 9), and 
also let and (PO+OS) or (PO+OS')=B. The 

images S and S' lie on a circle which has its centre at O 
and has radius OX. ISTow the angle subtended by a chord 
at the centre of a circle is twice that subtended at a point 
on the circumference. 

/. S0S'==2SXS' 

= 29 , 


since SX and S'X are perpendicular to M and N respec- 
tively. 

88'=2p9, 


and substitution in our former equation for d shows that the 

. . -u T . ba 

distance between successive hands is — 7 :. 

2p9 

FresneVs Experiments . (b) Biprism . — In this experi- 

ment two similar prisms are joined so as to form a single 
prism, ABCB, in which the angles at A and C are very 
small and equal, while the angles at B and B are practically 



180°. Light from a slit X passes through the prism, and 
owing to deviation caused by refraction, the rays which 
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pass through the upper half AB of the prism appear to 
come frora an imaginary source of light at Z, while the 
rays which pass through the lower half of the prism appear 
to come from Y. Since A^O is nearly 180°, Z and Y are 
close together, and interference e:ffects result, the bands 
being easily Yisible through an eyepiece. 

To obtain these bands the biprism P is set up with its 



edges vertical at the same height as a vertical slit S, which 
is illuminated by a sodium flame. An eyepiece, with a 
vernier, or a travelhng microscope M may be used to view 
the bands .(^1 >This must be arranged in line with the sht 
and the biprism so that by looking above the eyepiece 
and along its length two images of the slit are seen, one in 
each half of the prism. fti) The slit must then be rotated 
slowly until the fringes are seen clearly througl^he eye- 
piece. In this position the slit is parallel to the ary - S^o f the 
biprism. th'^The eyepiece may now be moved either towards 
or away from the slit, and the slit width varied until the 
bands are clearest. The cross-wires are then set on a 
number of consecutive bands in succession, and the 
corresponding vernier readings taken. The mean distance 
X between successive fringes is then obtained from the 
readings, which should be collected in a table as follows : — 


Xnmher 
of band 

Vernier 

reading 

Kumber 
of band 

Vernier 

reading 

EifEerence 
for 6 
bands 

1 

Distance 

between 

consecutive 

bands 

n 

n -{-1 
+2 
-f" 3 
n +4 


+5 
n + 6 
n+1 
n+S 
n +9 
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The distance D from the slit to the cross-wires of the 
eyepiece is required, and it is also necessary to find the 
distance between the two images of the slit (formed by 
the biprism). To obtain the latter a convex lens is placed 
between the biprism and the eyepiece so that the two 
images of the slit are in focus when viewed through the 
eyepiece. If necessary the position of the eyepiece may 
be changed, but the slit and biprism must be left untouched. 
The distance between the images seen in the eyepiece is 
measured by setting the cross-wires on each image in turn 
and taking the vernier readings. Then, keeping all fixed 
but the lens, another position is found for this so that 
the two images are again in focus. The distance between 
them in the eyepiece is again measured. Suppose the 
distances are Si and S 2 respectively. Then the magnifioa- 


S S 

tions are ^ and ^ for the two oases, where 2d is the 


2d 


2d 


distance required. Now the one magnification must be 
the reciprocal of the other since only the lens is moved. 
Thus 2d = VS 1 S 2 . 

Hence the wave-length of the light may be found since 
2dx 

Lloyd's Single Mirror Exjperiment , — By arranging that 
light from a slit X should fall on a plane mirror MN at 
practically grazing incidence Lloyd obtained interference 
bands. The interference occurs between the direct rays 
from X and the refiected rays which appear to come 
from S, the image of X formed by the mirror. The slit 








M 

- -4^ 




R 

Eia. 161. 


is arranged to be parallel to the mirror and perpendicular 
to the line MP. Since X is slightly above the level of the 
mirror no reflected rays reach the screen at P, which lies 
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along MN produced. This means that no central band 
can be obserTed. To produce such a band a thin sheet of 
mica is placed in the path of the direct rays to the screen 
so that the lengths of the paths XY and XRY may be 
optically equal. Then a point such as Y is the centre 
of the system of interference bands. The central band is 
found by experiment to be dark with bright bands on each 
side, so that for no path difference the two interfering rays 
are out of phase. This indicates that the reflected ray 
must have its phase changed by 180® when reflection 
occurs. 

In the methods described — ^Young’s slits, PresneFs 
Mirrors and Biprism — ^the distance between the fringes 
depends on A, so that if white light is used the fringes, 
apart from the very central ones, are coloured and overlap. 
By Lloyd’s mirror it is possible to produce achromatic 
fringes, ^.e. fringes which are successively white and black. 
This is due to the lateral inversion of the image. If a spec- 
trum is formed at BY 
by use of a diffraction 

N grating, the reflected 

image is at R'V'. Then 
provided we make 


r'I 


Fig. 162. 


RB' A red 


VV' A violet’ 


we shall have - constant for all wave-lengths, 
d 


since in the spectrum formed by the diffraction grating the 
dispersion is proportional to the wave-length. Then the 
distance between the fringes will be the same whatever 

wave-length we use, for this distance is and ^ is 

jdiUf CL 

constant. So, if a piece of red glass is placed in the path 
of the light, red and black fringes result, while, using blue 
glass, blue and black fringes are caused, the distance be- 
tween consecutive bands always being the same. Hence, 
using white light as the source, black and white bands are 
obtained. 

^jC/tnterference in Thin Films, The Parallel Plate . — Let 
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AB be a wave front in air incident on one surface of a 
plane parallel plate of a medium of refractive index p,. 

Consider tbe interference 
which may result between a 
ray DC reflected at the front 
surface and the emergent ray 
of FD which is reflected inter- 
nally at F. It should be 
understood that although the 
interference of two rays at D 
only is considered, similar 
effects occur at all other 
points on the surface where 
the incident wave falls. 

For clearness in the diagram 
the transmitted rays are 
omitted. Then the path differ- 
ence between the rays under 
consideration is (AF + FD) in 
the medium, minus BD in 
air. Now when the wave 
from B reaches D, that from A will have reached G, where 
DG is at right angles to AF. 

Produce AF to H so that FH = AF, and then join HD. 
Then HD = 2t where t is the thickness of the plate, and 
GHD is equal to the angle of refraction 0, 

So 

8 (path difference) = (GF + FD) in the medium 
= GH = DH cos GHD 
= 2t cos 9. 

This path difference is equivalent to a path difference 
times as great in air. Hence for interference to occur 

we expect 2yit cos 9=^{2n — 1)-, where n is an integer. 

Actually a phase change equivalent to - occurs at the 
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reflection at D, and the condition for darkness becomes 
2iJLt cos 6 = nX, 

provided that the amplitudes are eq[iial. 

Interference between the transmitted rays may also 
occur, A ray which is reflected twice internally has to 
travel a further optical path of 2ijjt cos 6 than a ray which, 
is transmitted directly. Here no net phase change occurs, 
and the condition for brightness is 


2/x^ cos 6 =nA. 

' Thus the interference fringes seen by reflected light are 
complementary to those seen by transmitted light. 

The Phase Change at Eeflection , — Confusion is often 
caused by the change of phase which occurs on reflection. 
This phase change occurs only when the ray is reflected 
at the surface of a medium which is optically denser than 
the medium through which the ray is travelling. Stokes’s 
analysis of this change is as follows. Consider a ray AB 
/ 'C in air incident on a transparent sub- 
stance of greater refractive index. 
This ray gives rise to a reflected 
ray BO, and a refracted ray BD. 
Let the amplitude of AB be A, of 
BC be Ax, and of BD be Ay, where 
+ = If fhe reflected and re- 

fracted rays are each reversed the 
resultant should be the initial incident ray. But CB gives 
rise to a refracted ray BE of amplitude Ax^, and DB 
further increases the amplitude of BE by Ayx ' . Since there 
is no ray BE there can be no intensity of light in the 
direction BE, and hence no amplitude. 

Thus 



E/ \D 
Eia. 164. 


or 


Axy + Ayx' = 0 


Now X is the fraction of the amplitude reflected at the 
boundary with a denser medium, while x' is the fraction 
reflected at the boundary with a rarer medium. These 
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fractions are numerically equal, but have a difference in 
sign which denotes that when one ray has a positive 
. displacement the other has a negative one. Hence two rays, 
one reflected on reaching a denser medium, and the other 
a rarer medium, are exactly out of phase with each other. 

An experiment carried out by Young illustrates this 
phase change on reflection. If a convex lens is placed on 
a glass plate and suitably illuminated by monochromatic 
light a system of concentric rings (Newton’s Rings) results 
when the reflected light is viewed. The central spot is 
black owing to the phase change at reflection. Young 
used a lens of crown glass and a plate of flint glass and 
between them he placed oil of sassafras. This oil has a 
refractive index less than that for flint glass but greater 
than that for crown glass. Thus at each reflection — at the 
lower face of the lens and at the plate — a phase change of tt 
occurs so that there is no net phase change. The experiment 
showed a white central spot in agreement with the theory. 

Colours in Liquid Films, — ^The effects produced by inter- 
ference in thin films were first studied by Hooke in 1665. 
Amongst other phenomena he noticed the rings produced 
when a convex lens is placed on a plate (Newton’s Rings). 
Dn practically all cases the reflected light is viewed and the 
fundamental equation is nX = 2juitGos6 for interference. 
If the light reflected from a film of oil on the surface of 
water or from a soap bubble is viewed it is seen to be 
coloured. The reason for this is that while t may be 
approximately constant, 0 can have different values since 
the rays entering the eye are not parallel. Consequently, 
while there will be reinforcement for certain values of A, 
for other values interference will occur and so certain 
wave-lengths, or colours, will preponderate. For other 
values of ® other colours will be reinforced so that all the 
spectral colours will be received by the eye if the incident 
light is white .J 

The Wedge , — If two plane pieces of glass are placed in 
air with their faces at a small angle and are illuminated 
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by monocliromatic light from a slit parallel to the edges in 
contact, parallel interference bands result, the interference 
occurring between rays reflected at the surfaces above and 
below the film respectively. Por light incident normally the 
path difference is 2t, where t is the thickness of the film at 
a distance d from the end of the wedge (fig. 165), so that 
after allowing for the phase change, the condition for dark- 

2t = nX. 


ness IS 


But 


t = ad 


, 


and the condition for darkness becomes 

2ad — nX. 

The distance between consecutive fringes is evidently 
A/2a, so that if the distance s between the nth. dark band 
and the {n-\-h)th. dark band is measured by means of a 
travelling microscope, a may be found. 

For 

2ad = nX 

and 

2a{d +s) = (7^ + jb)A. 
Hence 

165 . 2aS=7cX. 

^he same equation holds if the transmitted light is viewed. 
^^Newton’s Rings, — A case very similar to the wedge is 
obtained when a convex lens of low power is placed on a 
glass plate. llaing.»white.^^ m the ,fllumm^^^ 
rings^.nQ»a®tric a^ the point of contact, are formed. 

. fprm^ interference between rays reflect^ 

fe)m the plate and rays reflected from the lower face of 

Jhe lens. These rings are termed Newton’s Bings, after 
Newton, who studied them very carefully without arriving 
at a definite explanation of their origin. In setting up 
the apparatus for viewing these rings a cover slip is held 
at 45° with the horizontal immediately above the glass 
plate, P. Light from a sodium flame S passes through a 
convex lens L and is seen reflected from the plate when the 
eye is held vertically above P. If the low power lens is now 
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placed on the plate just below the cover slip very small rings 
will be visible about the point of contact. These may be 
viewed directly through a travelling microscope M with its 
axis vertical. Some hun- 
dreds of rings will be vis- 
ible, the distance between 
consecutive bands getting 
smaller and smaller the 
greater the radii of the ^ 
rings. At the centre of s 
the ring system is a black 
spot, although if the plate is at all dusty this spot appears 
rather hazy. At jSrst sight it would appear that this 
central spot should be bright since there is no path differ- 
ence between the wave reflected at the lower face of the lens 
and that reflected by the plate, but it must be remembered 
that at the former reflection the wave is in the denser 
medium, while at the latter the wave is in air — ^the rarer 

medium. CoBsequently *a-,phasa..jQhange aq,uivalenh.-.ta...a 

,JhalLwave.dength is intraduced. 

Since we may consider the air film as a parallel plate of 
gradually increasing thickness the condition for darkness is 
nX = 2ixt cos d. 

But in this case the interference takes place in an air film 

for which jLL = l, while the light 
is at normal incidence so that 
cos ^ = 1. Hence nX = 2t, a con- 
dition which may be deduced 
immediately since 2t is the path 
difference between the reflected 
rays, t being the thickness of the 
film. If It is the radius of curva- 
ture of the lower face of the lens 
Eia. 167. and d is the diameter of the 

dark ring under consideration, 
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^2 

or 2H^=“ if we neglect which is the square of a small 


quantity. Thus for darkness 



showing that oc or the square of the diameter of a 
ring is proportional to the order of that ring. 

In performing the experiment to find A, a difficulty 
arises since the exact walue of n is not known owing to 
the haziness of the central spot. In order to overcome 
this, one of the cross wires of the microscope is set on what 
appears to be, say, the fifth dark ring, and the vernier 
reading on the microscope is taken. Headings are taken 
with the cross “Wire set on successive dark rings up to the 
fourteenth. Further readings are taken for the fifteenth 
to the twenty -fourth rings, and the experiment is then 
repeated with the corresponding rings on the other side 
of the central spot. If the readings are then set out as 
follows, the mean value for the difference between the 
squares of the diameters of any ring and the tenth from it 
may be obtained. 


No. of 
ring(?i) 

Heading 

Diam. 

< 

No. of 
ring 
(w+10) 

Beading 

Diazo. 

c2n+io “* 


Bight 

Left 

Bight 

Left 

10 

n 




n+10 






TlH-l 




n+ll 






w-1-2 




n+12 










n4-19 







If dn is the diameter of the nth. dark ring and d^+-k of the 
{n + k)t}x dark ring. 


dn = 
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and 

whence 


— 4:R)(?2' “h i!b)A 
{dl+,-dl)=4.-RkX. 


Thus the actual order of the ring is not required. In 
the experiment described above, ^ = 10, and if R is found/*, 
by means of a spherometer, A may be calculated. 

If white light is used fewer rings are seen. The central 
spot is black and is surrounded by a white ring and then 
rings of orange, red, violet, blue, green, and yellow in turn. 

Eefractive Index of a Liquid by Newton’s Rings . — If a 
liquid of refractive index /x is placed between the lens and 


the plate, the optical path difference becomes or 
using the same notation as before. Then 


4R’ 


nX = for the nth. dark ring. 
4R 


The rings thus obtained are closer together than those 
formed when air is the medium. 

If the diameter of any ring is found with air as the film 
between the lens and plate, and then the diameter of the 
same order ring is found with the liquid we have 


Diameter using air 
Diameter using hquid 


= V/x. 


Owing to the difSlculty of knowing the order of each 
ring it is best to find the difference between the squares 
of the diameters of one ring and the tenth ring from that, 
first using air and second substituting the hquid. 

Michelson’s Interferometer . — Interference occurs in this 
instrument between two rays which originate from the 
same source but pursue different paths before being re- 
combined. Parallel rays of hght from a source S are 
incident on a parallel-sided glass slab A where reflection 
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and transmission each occur. The rays reflected at the 
second surface of A fall on a plane mirror and are 
reflected hack through A in the beam X. The rays which 
were transmitted through A pass through an exactly 




Fig. 168 . 

similar slab B, are reflected at the plane mirror Mg and 
travel back along the same path forming the beam Y after 
reflection at the second surface of A. X and Y then 
combine, and interference may result owing to the path 
diflerence between these beams. The second glass slab B 
is included in order to render equal the paths through glass. 
Each mirror is silvered on its front face and Mj is mounted 
so that it may be moved either backwards or forwards. 
M 2 is fixed in position but may be rotated about either a 
horizontal or a vertical axis by means of screws. Using 
monochromatic light, fringes are obtained by adjusting 
these screws until the mirror Mi and the image of Mg in A 
are parallel. With white light, fringes can only be obtained 
when each interfering beam pursues the same length of 
path. The fringes are observed by means of a telescope. 

Using this instrument Michelson determined the length 
of the metre in terms of the wave-lengths of the cadmium 
red, green and blue spectral lines. 

, Jamin's Interferometer , — Parallel light is split up into 
two beams by a glass plate A (fig. 169), some being 
reflected at the first surface and some at the second. The 
two beams travel on to a second exactly similar glass plate 
B where again reflections occur. Taking account only of 
the reflections shown in the diagram, the resultant beams 
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X and Y will have travelled equal paths. The other 
beams which are reflected from B are ignored, since one of 
them will have travelled only through air while the other 
will have traversed the plates four times. Both X and Y 



Fig. 169. 


have passed through the glass twice. Provided the plates 
A and B are parallel no interference results, but if B is 
slightly rotated a very small path difference is introduced 
and the interference fringes which result may be viewed by 
means of a telescope - 

This interferometer has been used for measuring the 
refractive indices of gases. Two similar tubes, with glass 
ends, are evacuated and placed in the paths of the interfer- 
ing rays between A and B. The gas under examination is 
then passed slowly into one of the tubes, thus increasing 
the optical path and causing interference fringes to move 
across the cross wires of the telescope. If n bands move 
across, then the optical path is increased by ?^A, where A is 
the wave-length. But this increase is due to the increase 
in refractive index of the gas in the tube. 

Hence 

rik =d(}x — 1), 

where d is the length of the tube. 

Since the refractive index of a gas depends on the 
pressure it is necessary to measure the final gas -pressure 
when the refractive index is being determined. 

The Echelon Grating . — This instrument was designed by 
Michelson and is of importance because it has a very high 
resolving power (see next chapter). It consists of a 
number of plates, each of which overlaps the next one by 
the same distance. The plates all have the same thick- 
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ness t and are illuminated so that parallel light passes 
into the largest plate first. Then some of the light passes 
through air and some through glass, so that a path 
difference of (/x - l)i may be set up at each plate. But this 

value only holds for light 
viewed directly through the 
grating with no deviation, 
and if the Hght is viewed to 
the side then the path differ- 
ence is greater than - 1)^. 
Now for reinforcement, n\ = 
(/X - 1)^, so that as the telescope (used for viewing the light) 
is rotated, positions are obtained for which different values 
of A are reinforced. Thus a spectrum is obtained. 

Actually a large number of spectra are obtained since a 
slight change in the position of the telescope gives another 
position for reinforcement such that (^ + l)A=path differ- 
ence. This is really a disadvantage since the different 
orders of spectra overlap. In our consideration of the 
diffraction grating it will be shown that the resolving 
power equals the product of the order of the spectrum and 
the total number of hnes on the grating. In the echelon 
grating we consider the number of plates instead of the 
number of hnes. Now the order of the spectrum observed 
rarely exceeds 2 for the diffraction grating, but for the 
echelon grating it is in the neighbourhood of 10,000, since 
t is usually equal to 1 cm. So for an echelon of 50 plates 
the resolving power is 500,000 — a very high value, and it is 
thus possible to ‘^separate” lines which are extremely close 
together in the ordinary spectrum. In using the echelon 
grating, a spectrum is formed in the usual manner 
and only a small section of this light is allowed to 
pass through a sht on to the grating. By this means 
overlapping is ehminated and any part of a spectrum 
may be examined. 
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EXAMPLES ON CHAPTER XIV 

1. Describe and accoxmt for the interference phenomena which 

can he seen when a convex lens is pressed against a glass plate. 
Explain, with a diagram, how you would exhibit the phenomena to 
the best advantage. (Lond. Inter.) 

2. Describe the appearance of a wedge-shaped film of air of very 
small angle confined between glass plates and viewed by parallel 
reflected light (a) when the light is monochromatic, (6) when it is 
white. How may the appearance of the film in the first case be 
made the basis of a method of determining the angle of the wedge? 

(Camb. Schol.) 

3. Explain the colours seen in a thin soap bubble. (Camb. Schol.) 

4. A soap film is formed on a rectangular wire frame held verti- 
cally. Account for the coloured fringes which are seen when the 
film is viewed (a) by reflLected, (6) by transmitted light ? 

(Camb. Schol.) 

6. A parallel beam of white light falls normally on a thin air film 
enclosed between two parallel glass plates, and the transmitted light 
is brought to a focus on the slit of a spectrometer. A difiraction 
grating containing 14^468 lines per inch is placed on the spectro- 
meter table and the first-order spectrum is observed. The spectrum 
is crossed by dark bands, arid the deviation of one band from the 
direct light is 20® 35', while the deviation for the tenth from this 
band is 18° 50'. Calculate the thickness of the air film. 

6. Explain the interference effects produced when white light 
falls on a thin film of air enclosed between two parallel glass plates 
(a) if the reflected light is viewed, (6) if the tr an smitted light is 
viewed. 

7. A convex lens is placed on a slab of plane glass and is illu- 
minated by sodimn light of wave-length 5*890 x 10”® cm. The 
diameter of the tenth dark ring is measured and is found to be 
-406 cm. What is the radius of curvature of the lower face of the 
lens ? 

IJsing lithium light the diameter of the tenth dark ring is found to 
be *433 cm. Find the wave-length of lithium light. 

8. Explain the colours of thin films. (O. & C.) 

9. Discuss the measurement of wave-length by interference 
methods, giving examples from various branches of physics. 

(Camb. Schol.) 

16 
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10. Under what conditions can interference of light take place ? 

Describe some simple method based on interference for the measure- 
ment of the wave-length of light. (0. & C.) 

11. Describe some form of interferometer, and explain how it 
may be used to determine the refractive index of a gas. 

12. A vertical slit is illuminated by sodium light, and the light 
then passes through a biprism, interference bands being observed 
in an eyepiece. The cross -wires in the eyepiece are set on succes- 
sive bands which are found to be 0*201 mm. apart. The distance 
from the slit to the cross-wires is 73*47 cm. When a convex lens is 
placed between the biprism and the eyepiece, two positions of the 
lens occur, for each of which two clear images of the slit are seen. 
The distances between the images are 3*732 mm. and 1*242 mm. 
respectively. Calculate the wave-length of the sodium light. 

13. Explain how achromatic fringes may be obtained by use of 
Lloyd’s mirror. 

- If a slit, illuminated by sodium Hght, is placed 2 mm. from the 
plane of a mirror, what will be the distance between consecutive 
bands formed on a screen 1 metre from the slit if the wave-length 
of sodium light is 5*890 x 10~® cm. ? 

14. Show that if two narrow sources are always giving out light 
in the same phase, and if the light is allowed to fall on a screen placed 
in a plane parallel to that containing the sources, and if the sources 
are close together compared with their distance from the screen, 
then fringes will be obtained on the screen. 

Explain how this may be realised in practice. (Camb. Schol.) 

16. Under suitable conditions two beams of light may combine 
to produce darkness over limited regions. WTiat are the- necessary 
conditions which must be satisfied if interference fringes are to be 
produced? Illustrate your answer by reference to a simple inter- 
ferometer, such as Fresnel’s mirrors. The interfering sources in a 
simple interferometer are situated d cm. apart, and the fringes 
produced are observed on a screen D cm. away. Find an expression 
for the distance between the centres of successive fringes in ternas of 
d and D, and hence show that this distance w is given by 

w=Xl^, 

where j> is the angle subtended at the screen by the two sources, 
and X is the wave-length of the light used. (Camb. Schol.) 



CHAPTEE XV 

DIFFKACTIOK 

It lias already been stated that the acceptance of the wave 
theory was considerably delayed owing to the difficulty of 
proving rectilinear propagation by this theory. By the 
use of zones, Fresnel showed that while light waves travel 
in approximately straight lines they can bend round 
corners to a slight extent. Such an efEect is termed 
diffraction. Diffraction phenomena may be conveniently 
observed by use of a ripple tank in which water waves can 
be used and the effects noticed when obstacles of varying 
size are placed in the path of the waves. Also if a plane 
wave approaches a narrow slit the resultant wave can be 
seen to be circular, thus bearing out Huygens' theory that 
each point on a wave front may be considered as a source 
of secondary waves. 

In the case of light waves, diffraction effects may be 
observed in the following cases : — 

(1) A ball-bearing fastened to a piece of plate glass and 
illuminated by a point source of light casts a circular 
shadow on a ground-glass screen, the shadow having a small 
bright spot at the centre. 

(2) A wire or needle ffluminated by light from a slit 
(parallel to the wire) gives a number of diffraction bands 
on the screen. 

(3) A straight edge parallel to an illuminated slit causes 
diffraction bands on to the screen and also shows brightness 
within the geometrical shadow of the straight edge. 

(4) An opaque plate containing a number of circular 
holes illuminated by light from a circular aperture shows 
circular diffraction bands on the screen. 

In all these cases explanations may be arrived at by 

239 
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metliods similar to that employed in obtaining Fresnel’s 
half -period zones (see page 207). 

Circular Aperture , — Let S be the small illuminated 
aperture and let PQB be the spherical surface due to the 
waves from S. Let MON represent the screen, and imagine 



spheres of radii (OQ-t-A/2), (OQ+A), (OQ + 3A/2) . 
drawn around O as centre. Now the areas of the rings 
and the central disc are approximately equal so that the 
resultant intensity at O is 

I — ^2 + ^3 “• ^4 + ^5 — . . . 

where , are the intensities due to each zone. As 

before (page 209), this gives I=§ for a large number of 

zones. Now supposing that a small obstacle cuts oft all 
the light from the first two zones then the intensity 0 is 
53/2. If only the inner zone is cut ofi, the intensity at 0 
is -- ^2/2, so that in both cases there is little loss in intensity. 
Thus there is a bright spot in the centre of a shadow of a 
small circular obstacle. 

The Zone Plate , — In a manner similar to that just 



bI Fig. 172. 

employed we can divide a transparent plate AB, per- 
pendicular to the paper, into circular zones of radii 
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rg, rg . . . such that wavelets arriving at O from each 
zone, illuminated by a point source S, "will be in phase if 
they come from the odd zones and exactly out of phase if 
they originate from the even zones. For this to be so we 
must have 

SXHhXO::SP+PO+^' 

2 i 

or 


+ Vd® + ry^ = a+b+%, if SP =« and PO =6, 


/ 1 + "^ — a + 6 + - 


so that 


2 a 2 '2’ 


giving 


Hence 


SY+YO = SP-hPO+A 


r.2 = 2 


: ^3^ : : 1 : 2 : 3. 

Taking . . . as the intensities due to each 

zone at O, the resultant intensity I is 

I = — ^2 "b ^3 — ^4 "f" ^5 • • • 


where s^, ^2, . . . are approximately equal. Conse- 

quently if the even zones are all covered the resultant 
intensity at O is + 53 -f- ^5 -h . . which is much larger than 
the intensity obtained when no plate is used. Such a plate 
with the alternate zones blackened is called a zone plate and 
has an action precisely similar to that of the convex lens. 
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The equivalent focal length may be found since the 
radius of the first zone is given by 

ahX 




a+b' 


which may be written in the form 

1 

b 

so that it compares with the lens equation. 


111 

V 

For a convex lens forming a real image, v and /are negative 
so that in this case 

1 11 

V u'^f 

Hence the equivalent focal length of the zone plate is r^^/A. 

If the even zones are coated with a thin film of some 
transparent substance so that a phase change equivalent 
to A/2 is produced, the intensity at O is doubled and now 

is «! + .52 + §3 + . . . 

The 8Ut . — The treatment in the case of a slit is exactly 
the same as for the circular aperture except that the waves 
are cylindrical, the axis of the cylinders being the slit 
itself. The effect of a wire in cutting out the central zones 
then is to cause an image showing two or more dark lines 
with a bright line between them. The effect will be fully 
examined in the case of a straight edge. 

y Straight Edge Diffraction Bands , — Let S be the illumin- 
ated slit and A be the straight edge perpendicular to the 
'‘’paper. Then on the screen the geometrical shadow starts 
at the point O. Consider the effect on the screen at P 
. where PC =2/* Join PS, cutting the cylindrical wave 
' surface XAY at P. Then the intensity on the screen at P 
is due to (1) the half-wave above B; (2) the portion AB 
which consists of a number of half -period zones. 
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If this number of half -period zones is even the alternate 
zones cancel each other out and the effect at P is due only 
to the half-wave above B — ^the minimum effect. But if the 



number is odd there will be one zone not cancelled and the 
effect of this at P must be added to that of the half-wave. 
So as the position of P is changed there will be positions 
of maximum and minimum brightness, causing diffraction 
bands. Now the number of half-period zones in AB equals 
the number of half wave-lengths in the difference of* path 
between AP and BP. 

But 

BP=SP-SB. 

Hence writing a for SA and h for AO we have 
BP = V (a-\-hy-\-y^-a 

= + -a 

^ '^2(a -1-6) 

and 


AP = V62-F2/2 



26(a +6)* 
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Number of lialf-period zones in AB = — 

b{a-{-h)X 

TMs must be odd in order to give the maximum effect 
at P. 

So for maximum brightness 

^ h{a + b){2n - 1)A 
^ a 

and for minimum brightness 


2/2 = 


b{a-\-b)2nX 

a 


where n is a whole number. 

The bands thus get closer together as P is moved 
further from O since n cc y^. 

If P lies within the geometrical shadow, the intensity 
of illumination gets less and less as P moves down away 
from O. As the 1st, 2nd, 3rd . . . zones are successively 

cut off, the intensity at P becomes — ^ 

2i 2t 2 


where 5- 


Intensity 



Distance from 
Straight Edge 


are the intensities due to each zone. 

Now as P moves 
downwards the obli- 
quity of the light in- 
creases so that ^ 2 , 
.^ 3 , ^4 . . . represent 
a diminishing series. 
Hence within the geo- 
metrical shadow the 
intensity of light soon 


* Distance into 
Geometrical 
Shadow — 

Fig. 174. 

falls away to zero. The complete effect of the straight edge 
is shown in the graph. 

If two straight edges are placed close together a slit is 
formed. Light from one slit falling on another parallel 
sht is diffracted at the latter, and the intensity oil a 
screen depends on the difference in distance to the point 
considered from the two edges of the sht. The variation 
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of intensity with distance from the centre of the slit is 
shown in fig. 175. Maximum intensity occnrs at the 
centre of the slit, but there are small maxima at the sides. 



The intensities of the second and third maxima are 1/21 
and 1/61 respectively of the intensity of the first maximum. 

Diffraction Grating , — ^If a number of slits, of equal 
width, are arranged in one plane at equal distances apart, 
a diffraction grating is obtained. Gratings are made 
either by ruling a large number of lines at equal distances 
apart on a piece of glass (the ruling being carried out by 
means of a fine diamond), or by making a small photo- 
graphic reproduction of a periodic structure of fines. The 
number of fines in one inch of the grating is of the order 
of 20,000. The fines act as obstacles, forming the edges 
of the spaces between, 

A plane wave front falling on the grating sets up . 
secondary waves at each of the spaces. These secondary 
waves then either reinforce each other or interfere destruc- 
tively. Thus in the action of a diffraction grating, inter- 
ference. plays a large part. Let 
ABCDEP represent a section of a 
grating, the rulings being perpen- 
dicular to the plane of the paper. 

Imagine a plane wave falling on the 
grating so that the wave front is 
parallel to the plane of the grating. 

Consider a diffracted wave which make an angle B with 
the direction of the incident wave. Then BPQR is a 
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part of tMs diffracted wave front. 'Now tlie light from 
D has to travel a distance DQ further than the light from 
B, and light from all points in the grating space DB 
has to travel an equal distance further than the light 
from corresponding points in the space BC. So when 
the light is brought to a focus by means of a lens or 
is received through a telescope, there is brightness or 
darkness according to this path difference DQ. Let 
BC = a (the grating space) and CD =6. Then (a + 6) is 
called the grating element. From the diagram it is seen 
that 

DQ = BD sin 9 


= (a + 6) sin 0. 


Now for reinforcement DQ =:nX, where n is a whole number. 
Hence 


n\ = (a +6) sin 6, 

t 


Writing d for the grating element we have nX—d sin 9, 

If white light is used a spectrum is formed, since as A 
varies so must 9 have different values. 

When 71 = 1 the first-order spectrum results, the second 
order for 72. = 2, and so on. 

One of the advantages of the grating is that for the 
first-order spectrum 9 is usually about 20°, so that we can 
take sin 9 proportional to 9, 

E.g, A = 6 X 10“^ cm. Number of lines per cm. = 6000. 


<^==-5innr per cm. 


For first-order spectrum 


6 X 10-5 = 


sin 9 
6000 


or 

giving 


sin 9 = 'B6, 


9 = 21° (approximately). 
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Hence we liaTe 

A oc 

or the deviation is proportional to the wave-length. 

This fact is made nse of when achromatic interference 
fringes are obtained by means of Lloyd’s Mirror. 

A serious disadvantage of the diffraction grating is that, 
a large proportion of the incident light passes straight 
through the grating without any deviation, and this, 
together with the formation of several spectra, causes a 
lack^f intensity of light in any one spectrum. 
^^s^tfetermination of the Wave-length of Light by a Diffraction 
Orating . — Great accuracy can be obtained in measuring 
wave-lengths by means of a grating and spectrometer. 
The telescope and collimator of the spectrometer must be 
jSLrst focussed so that parallel hght passes across the spectro- 
meter table. Adjustments now have to be made so that 
(1) the grating is in a vertical plane, and (2) the ruled lines 
on the grating are vertical. The slit being illuminated, 
the reading of the telescope vernier is taken when the 
collimator and telescope are directly in line so that an image 
of the slit is formed on the cross-wires. The grating is 
then placed on the spectrometer table with its plane 
perpendicular to the line joining two of the levelling 
screws A and B. The telescope is now turned through 
90°, and the table is rotated so that 
light from the collimator is reflected 
from the unruled face of the grating 
and forms an image on the cross-wires. 

Adjustments of the levelling screws 
are made until the image is in the 
centre of the field of view. Then the 
plane of the grating must be vertical. 

The grating is next rotated through 
45° so that its plane is perpendicular 
to the axis of the collimator, the ruled side being to- 
wards the telescope. In order to carry out the second 
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adjustment the diffracted images must be obtained. 
These are first found by the eye directly. Commenc- 
ing at the position in which the undeviated light is 
seen, the eye is moved along in either direction until 
the first diffracted image is seen. This image is then 
viewed through the telescope, and the third levelling 
screw, C, of the table is adjusted in order to bring the image 
to a central position in the field of view. For this second 
adjustment the slit should be illuminated by monoOhrO- 
matic light. 

The two positions of the telescope for which the first- 
order images are obtained are recorded, and similar obser- 
vations made for the second-order spectra. In each case 
the difference between the readings is halved in order to 
give the mean angle of diffraction, and the results are 
recorded as follows : — 



1st order 

2nd order 

Highfc 

1 

Left 

Right 

Left 

Telescope reading 





Difference in readings . 

e 

=e, 



The number of lines per centimetre of the grating is 
also recorded and the wave-length determined from 

A=d sin 6- 

for the 1st order, and 

2A = d sin 

for the 2nd order. ^ 

The third-order images may also be observed, but 
usually these images are so weak that observations are not 
trustworthy. 
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"^jResolving Power , — When two objects are very close 
together they may appear as one, and it may be impossible 
to separate them merely by magnification. 

In the case of the eye two objects such as dots 
appear separate if they subtend at the eye an angle 
which is greater than about one minute. Optical 
instruments, especially telescopes, are frequently em- 
ployed to separate objects which subtend only a very 
small angle. The separation of such objects is termed 
resolution. When a spectrum is ex- 
amined, two lines, close together, are 
said to be resolved when the maximum 
of the one is no nearer than the first 
minimum of the other. 

The ratio A/dA, where A is the wave- 
length and dX is the difference in wave- 
length, is called the resolving power of 
the instrument used for separating the 
two lines. 

Since resolution is important in 
certain branches of science, we shall now consider the 
r^olving powers of various optical instruments. 
^^Besolving Power of the Telescope , — Consider parallel rays 
from two objects falling on the objective of a telescope. 
Let the angle subtended by the objects be dd. After 


p 


Fia. 179. 

passing through the lens the rays from one of the objects 
converge to a focus at F, while the rays from the other 
object converge to P. Then eCP =dd, since dB is the angle 
between corresponding rays which arrive at C. Suppose 
that the objective has a circular stop in front of it, the 
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diameter of this stop being a. Let the focal length, CF, 
be /. Then 

PF=:/. 

Now F is the position for the first maximum of the 
light from one of the objects, and P the corresponding 
point for the other object. Also F must be the position 
of the first mimimum for the latter object when the limit 
of resolution is reached. 

Let XY and XZ be the wave fronts which arrive at 
the lens. All the wavelets from XY combine to produce 
maximum brightness at F, while all the wavelets from 
XZ combine to produce darkness at F. Since rays from 
Z to F have to travel a distance ZY farther than rays 
from X to F, then 

ZY=A. 

This means that the vibrations at Z and Y are in phase, 
while for intermediate points on the wave fronts the 
phases differ by values from 0 to 277. 

But 

Y±z=dd and XY=a, 

A=a . dd 



This expression giyes . tl^^ li^nit of resolution of the 
telescope and shows that for a definite wave-length the 
resolving power depends on the diameter of the aperture 
hSi front of the objective. The greater the value of a, the 
smaller is the angle which may be subtended for resolution. 
For this reason the objectives of telescopes have diameters 
which are as large as possible. It will be remembered 
that, owing to spherical aberration, only a small part of a 
lens should be used. In the ordinary camera the lens is 
stopped down so that only a small central area is employed. 
Better definition of the image is thus obtained. But in 
the case of a telescope this would entail a considerable 
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loss in resolving power, and it is better to use a stop 
wMch cuts out tbe central portion of the objective. 

Resolving Power of a Prism . — Let XYZ be the prism. 
Let AB be a plane wave front of monochromatic light 
incident on the prism, and let CD be the emergent wave 
front. Suppose that no stop is used so that light passes 
through the whole of the prism. Then if ja is the refractive 
index of the prism for light of this wave-length. A, we 
obtain 

AX -F XC = B Y + /X YZ + ZD. 


If light of a shghtly different wave-length, A4-<^A, is 
incident on the prism at the same angle, the resultant 



wave front is CE, since for a greater wave-length the 
refractive index is slightly less. Thus, if the refractive 
index for this wave-length is — d/t), we obtain as before 


AX + XC =BY + (a6 - dijfYZ + ZE. 

A slight approximation is made here by assuming that 
these rays follow the same paths as the rays of light of 
wave-length A. 

By subtraction we find YZ d/;6 = DE. 

If we write a for the width of the emergent beam, and 
h for the length of the base of the prism, we have 


where 


b . dfjL=a . dO 
DCE=d0. 


Xow the emergent beam is viewed through a telescope 
for which it has been proved that a . d6 =X is the limiting 
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condition for resolution. Hence for resolution of spectral 
lines of wave-lengths A and (A ~dX) we must have 

A =6 . cZ/x. 

Thus the resolving power of a prism 
A dfx 

But hy Cauchy’s formula 

A ^ 

f.=A+^,, 

where A and B are constants, so that 


/. Resolving power of a prism = - 

Thus the resolving power of the prism is independent 
of the angle of the prism and depends only on the length 
of the base and the material of the prism, and on the wave- 
length. 

^^esolving Power of a Grating . — The expression obtained 
for diffraction at a grating is 

7iA=dsin^. 


Differentiating this we obtain 

n . dX = d cos 6 . d9. 

Thus for two waves which differ in length by dX, the 
angle dd between the diffracted beams is equal to 

n . dX 
d . cos 6' 

The light is received by a telescope so that for resolution 
dd=Xla, where a ^is the width of the beam. Let the 
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incident light fill the whole of the grating, the width of 
which is 6. 

Then 

a = b cos 6, 

Thus 



de= 


n . dX 
d . cos 6' 


A n , dX 
b cos B d . cos 0* 


Resolving power =- 


nb 

~d' 


If N is the number of lines per centimetre of the grating, 

d =^, and “ = N5 =the total number of lines on the grating. 

Accordingly, the resolving power of a grating is the pro- 
duct of the total number of lines on the grating and the 
order of the spectrum observed. With the ordinary 
grating n is only 2 or 3 in general,* but with the echelon 
grating n may have a value of about 10,000. Thus the 
echelon grating has a very high resolving power^ 

Simple experiments on resolving power may be made 
in the case of the difiraction grating. Sodium light is a 
convenient illuminant since it yields two wave-lengths 
which differ by about 6 A.U, The grating is fitted up 
and the first order spectrum is observed. A rectangular 
aperture is placed on the spectrometer table and the width 
slowly decreased until it is just impossible to distinguish 
the two I> lines. The second order spectrum is now 
observed, and it is found that the D lines are resolved for 
the same width of aperture. The hmiting width is again 
found in this case. It is found to be about half its former 

17 
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value. The experiment may he repeated for the third 
order spectrum. 

Dispersive Power of the Grating . — It is. clearly impossible 
to use the general formula for finding the dispersive power 
of a grating, since refractive index is not involved in this 
case. The greater the dispersion the larger is the angle 
between the diffracted rays for two given wave-lengths, 
so that the dispersive power of the diffraction grating is 
equal to ddjdX. A value for this may be found directly 
from the general equation 

— rt. ain /) ’ (j f 

-wft f>btaiT 

n^d . cos 6 . -^r 


oi 

n 

/ 7 ^ /7 r^r\a (■ 

Thus the dispersive power increases with the value of w, 
i.e. with the order of the spectrum. The dispersive power 
is also larger the smaller the grating element. [Finally when 
COS 9 is Small, and a greater value is obtained 
for the dispersion. This also shows that the red end of the 
spectrum is drawn out more than the blue, a result which 
is the opposite of that obtained when the prism spectrum 
is formed. 

^^Gomparison of the Prism and the Diffraction Orating , — 
1. The prism concentrates all the light on one spectrum, 
while the grating produces a number of spectra and also 
allows much of the light to pass straight-through without 
forming a spectrum. 

2. The deviation produced by a prism is not directly 
proportional to wave-length, and the blue and violet parts 
iof the spectrum produced by a prism are spread out much 
more than the red part. This is a disadvantage when the 
energy falling on a given area is required. With the first 
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order spectrum produced by the grating the deviation is 
approximately proportional to the wave-length. 

3. The resolving power of a difeaction grating is much 
greater than that of a prism. For a grating of width 
5 cm. with 6000 lines per cm. the resolving power is 
30,000 for the first order spectrum. For a prism of crown 
glass, 1*515 for the hydrogen C line of wave-length 
6563 A.U., and for the hydrogen F line, wave-length 

4861 A.U., /x= 1*523. Thus ^ = : ^ or approxi- 
^ dX 17,02 X 10-8 

mately 500. Taking the base of the prism as 2 cm., 
we find that the resolving power is 1000— which is just 
sufficient to resolve the sodium lines. The grating thus has 
a great advantage over the prism as regards resolving powe^ 
Resolving Power of a Microscope, — ^Much of the work 
on the resolving power of microscopes was carried out by 
Abbe, who showed that the object, illuminated by trans- 
mitted light, acted as a difiraotion grating. Abbe also 
showed that the structure of an object could only be 
observed if the difiracted light was received by the objec- 
tive of the microscope. In the most favourable case for 
resolution of two points near together in the object, only the 
two first diffracted beams (as well as the direct hght) must 
be received by the objective. Then, by the theory of the 
diffraction grating, we have 

A = sin 6, 

where d is the distance between the two points which are 
just resolved, and 6 is half the angle subtended by the 

A 
B 


diameter of the objective, L, at the object, O. Thus the 
smallest distance apart for resolution is A/sin 0, If the 
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second diffracted orders are visible this value is doubled, 
since now 2A=c2sin^. Hence the most favourable case 
occurs when only the two first order spectra are received. 

Greater resolving power is obtained if the space between 
the object and the objective is j&lled with a transparent 
liquid of refractive index fx. In this case the effect is as 
though the wave-length is changed as the light passes 
from air into the liquid, becoming Xfix, Hence 


fjL sin 6 ’ 


showing that a smaU’er value of d is made possible. Such 
an arrangement is called an oil immersion objective, since 
oil is most frequently used for filling the space between 
the object and the lens. Cedar wood oil is generally used, 
as its refractive index is approximately the same as that 
of glass. In this case the light received by the lens comes 
from a wider cone, COD, instead of AOB as before. Then 

if C0D=2^, c? = A/sin Since fx = the expression 


for d becomes d = — : — - as before. By using ultra-violet 
IX sm I ^ 

rays instead of visible light the value of A is smaller, 
and a smaller value still can be obtained for d. In this 
case the light is arranged to fall on to a photographic plate 
after passing through the microscope. 

Determination of the Wave-length of Light by Finding the 
Limit of Resolution of a Telescope. — A piece of fine wire 
gauze is set up in a vertical plane and is illuminated by a 
sodium fiame. A telescope is placed some distance away, 
on the opposite side of the gauze to the flame, and is 
focussed on the gauze. Immediately in front of the 
telescope is a slit of adjustable width, the edges being 
parallel to one set of wires in the gauze. Starting with 
the slit wide open the gauze is seen clearly, but as the slit 
is narrowed the wires gradually become less distinct, and 
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ultimately only uniform illumination results (apart from 
til© wires wMoK are at right angles to the edges of the 
slit). The width of the sHt for which the wires parallel 
to the slit just disappear is measured, a. The mean dis- 
tance between consecutive wires is also found, d, and the 
distance of the gauze from the objective of the telescope 
is measured, D. 

Now, for resolution, the smallest angle which may be 
subtended at the objective = A/a, if a is the width of the 
aperture in front of the objective. But in this experiment 
the angle subtended by consecutive wires which are just 
resolved is djD, Hence 

X_d 
a D 
or 

ad 

A number of readings may be taken and a mean value 
for ajJ) found. 

Instead of a piece of gauze it is better to use a grating 
on which lines are ruled at approximately 1 mm. intervals. 

Goronce . — ^When white light passes round small obstacles, 
systems of coloured fringes are observed. These fringe 
systems may be seen surrounding the sun and the moon 
when viewed through a mist dr haze. Such rings are 
termed ooronae, and are caused by diffraction as the light 
passes through a cloud. They may be imitated by viewing 
a circular hole, illuminated by white light, through a piece 
of glass which is lightly dusted with lycopodium powder. 

Coronse only occur in rings of small diameter, and appear 
to be close to the source of light. The larger rings which 
are occasionally seen surrounding the sun and the moon 
are due to refraction as the light passes through crystals 
of ice in the atmosphere. These larger rings are called 
halos, and appear at some distance from the sun and moon, 
the angular diameter of the smallest being about 45°. 
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Scattering of Light . — It has already been mentioned that 
the extent to which diffraction occurs depends on the 
wave-length and the size of the obstacle. Blue light is 
scattered by small objects much more easily than red light, 
and Lord Bayleigh showed, by the theory of dimensions, 
that the amplitude of the scattered wave was inversely 
proportional to the square of the wave-length. Since the 
intensity (I) depends on the square of the amplitude, then 
for the scattered wave 

I IjXK 

Since the wave-length of red light is almost twice that 
of blue light, we see that in the scattered wave the intensity 
of the blue light is 16 times that of the red light. 

Thus, as the light from the sun passes through the 
atmosphere, scattering is caused by the dust particles 
and, as blue light is scattered most easily, the sky appears 
blue. When the sun is fairly high the blue of the sky is 
not intense, and the sun stiU appears white since only a 
small distance is traversed by the light in passing through 
the atmosphere. At sunrise and sunset the light passes 
a much greater distance through the atmosphere, so that 
more scattering occurs, the result being that the sky is a 
deeper blue, while the sun appears red because the blue 
light is all scattered. 

Similar effects are observed when white light is passed 
through a fog or mist. Bor this reason orange-coloured 
lamps are frequently employed for piercing a fog, although 
these lamps are of little use if the fog particles are large, 
because then orange light becomes easily scattered. 
Infra-red rays, with their much longer wave-lengths, will 
pass easily through smoke or fog. 

A simple experiment to illustrate the scattering of light 
is as follows : White light is passed through a glass tank 
which contains sodium thiosulphate. A little dilute 
sulphuric acid is then added. This causes colloidal sulphur 
to be formed, and the particles gradually increase in size. 
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As the particles are formed arid get larger the tank appears 
a pale bine when viewed in a direction at right angles to 
the beam, while the transmitted light becomes yellow and 
then red before the particles become so large that the light 
is practically cut off. As this occurs the colour of the 
scattered hght changes from blue to grey. 

The same effect may be noticed in tobacco smoke, where 
the smoke first appears blue when the particles are small, 
but later becomes grey owing to the increased size of the 
particles. 


EXAMPLES ON CHAPTER XV 

1. A parallel beam of white light strikes at right angles a plate 
in which a very small circular hole is bored, and falls on a screen 
after passing through the hole. Describe the appearance on the 
screen, and how it varies as the distance between the plate and the 
screen increases or decreases. 

If the plate with the hole in it were replaced by a small circular 
disc at right angles to the incident light, what would be the appear- 
ance on the screen? What part did the latter experiment play in 
the controversy which arose as to the validity of the theory of 
interference ? (Camb. Schol.) 

2. Describe how yon would use the diffraction grating in order 
to measure the wave-length of the light emitted by a sodium flame. 

3. Give a general explanation of the action of a diffraction grating, 
and explain how, with monochromatic light, a sharp image of a slit 
is formed. What are the advantages and disadvantages of a grating 
spectroscope as compared with a prism spectroscope ? 

4 . Parallel sodium light falls normally on a diffraction grating, 
and the first order spectrum is observed. Two bright lines are 
observed at deviations 19® 39' and 19® 40' 30''. Calculate the 
wave-lengths for these lights, the grating having 14,500 lines 
per inch. 

5. When a parallel beam of monochromatic light falls normally 
on a diffraction grating of m lines per cm. several orders of spectra 
may be observed, provided the wave-length of the light is not too 
great. What is the limiting value of the wave-length if the nth. 
order spectrum is just observable (deviation = 90®) ? Show that by 
a suitable rotation of the grating it is possible, when the latter 
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condition has been realised, to reduce the deviation of the nth 
order spectrum to 60°* How, and in what circumstances, may this 
change alter the resolving power of the instrument for light of 
neighbouring wave-lengths ? (Camb. SchoL) 

6. What measurements must be made in order to determine 
accurately the wave-length of monochromatic light? (Camb. SchoL) 

7. What do you understand by the resolving power of optical 

instruments ? How does it differ from the dispersive power in the 
case of a prism spectroscope ? (Ox. SchoL) 

8. Explain what is meant by the limit of resolution of a telescope. 
A grating which contains lines ruled at 1 mm. intervals is illumi- 
nated by sodium light of wave-length 5-89 x 10““^ cm., and is observed 
through a telescope in front of which is a slit. The edges of this 
slit are made parallel to the lines on the grating, and it is found that 
as the slit is narrowed the lines become indistinct. If the width 
of the slit is 1-86 mm. when the limit of resolution is reached, calculate 
the distance of the grating from the telescope. 

9. Distinguish between the resolving power and the dispersive 
power of a grating. On what do these properties depend ? 

10- Distinguish between the resolving power and the magnifying 
power of a microscope. What is the use of an oil immersion 
objective ? 

11, Find an expression for the resolving power of a prism, and 
determine the length of base of a prism of angle 60°, which when 
filled with water will just separate the two sodium lines. The 
refractive indices of water for light of wave-lengths 6708 and 
4340 A.tr. are 1-3307 and 1-3404. 

12. What are the factors which affect the diminution in intensity 

which a parallel beam of white light suffers when passing through 
the air ? What advantages are gained by using photographic plates 
sensitive to light in the infra-red only ? A^at would be the character- 
istics of photographs taken with plates sensitive only to ultra-violet 
light or of those taken in a thin fog ? (Camb. SchoL) 
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|Ie light is passed through a toiirmaliiia jplate. the emergent 
earn is slightly coloured. When two similar tourmaline 
plates are placed together in similar positions the emergent 
light is still only slightly coloured. But if one of the tour- 
malines is now rotated, the other being kept stationary, 
the intensity of the beam emerging from the plates de- 
creases until, when the axes of the tourmalines are at right 
angles, no light is transmitted. As the one plate is further 
rotated, light reappears and gradually increases in bright- 
ness so that after a rotation of 180 ® the beam appears just 
the same as at the start^ 

This experiment shows that the vibrations in a light wave 
are perpendicular to the direction of motion of the wave, 
and are not longitudinal vibrations as in sound waves. 
Longitudinal vibrations take place in the direction in 
which the wave is travelling, and would not be affected by 
the rotation of a tourmaline plate about this direction. It 
is evident that a tourmaline allows only certain vibrations to 
pass through. By rotating the tourmaline other vibrations 
pass through, and so we find that in a light wave the 
vibrations are transverse to the direction of propagation. 
n?he vibrations which are transmitted by a tourmaline 
plate are all in one direction, and the light is then said to 
be polarised. To the eye there is no distinction between 
polarised and unpolarised light. When the tourmalines 
are parallel this polarised light is transmitted. When 
they are at right angles the second tourmaline will only 
transmit vibrations which are at right angles to those 
transmitted by the first tourmaline. So no light emerges 
at all. When light is polarised, the plane in which n§^ 
vibrations occur is called the Plane of Polarisation, Tme 
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vibrations thus take place in a direction at right angles to 
the plane of polarisation 3 

Polarisation by Refiection . — ^It was found by Malus in 
1808 that the beam of light rejected at the surface of any 
transparent substance is partially polarised. Further, the 
degree of polarisation varies with the angle of incidence of 
the light and, at a certain angle of incidence — depending on 
the substance — ^the reflected light is almost completely plane 
polarised. This angle pf incidence is termed the polarising 
angle. The light is polarised in the plane of incidence, 
i.e. the plane containing the incident and reflected rays. 

The vibrations in the incident wave front may be divided 
into two groups — ^those in directions in the plane of in- 
cidence, and those at right angles to these directions. Now 
the latter vibrations are parallel to the reflecting surface 
for all angles of incidence, while the direction of the other 
vibrations depends on the angle of incidence. When the 
light is incident at the polarising angle, the vibrations in 
the plane of incidence are all transmitted so that the 
reflected light consists only of vibrations at right angles 
to this plane. The transmitted light is never completely 
polarised since some of the vibrations at right angles to the 
plane of incidence are transmitted. The reflected light 
is almost completely polarised, but the presence of a little 
dust generally prevents perfect plane polarisation. 

Brewster's Law. — Three 
years after the discovery of 
polarisation by reflection, 
Brewster found that a simple 
relationship existed between 
the polarising angle p and the 
refractive index fju of the med- 
ium which reflected the light. 

The relationship is ju,=tan^. 
This is called Brewster’s 
law. An immediate deduction is that the reflected rays 
are at right angles to the refracted or transmitted rays. 
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For 


But 


/x=:tan ^ = 


sin p 
cos p 
sin^ 

sin (90"" -pY 


p = 


sin^ 
sin r* 


where r is the angle of refraction. 

Hence 

r = 90^--p 
or 

^ + r = 90®. 

This law is obeyed when light is reflected at the surface 
of a rarer medium as well as at the surface of a denser 
medium. Consequently, if light is incident on a glass slab 
a»t the polarising angle, the beams reflected from both 
surfaces will be plane polarised. This affords a very 
convenient method of obtaining polarised light. But 
owing to the large percentage of light transmitted by a 
glass plate the method is not very efficient. This dis- 
advantage may be overcome easily by using a number of 
glass plates placed one on top of another. Reflection 
occurs at the upper and lower surfaces of each plate, and 
since the reflected light is plane polarised — ^for incidence 
at the polarising angle — a strong beam of polarised light is 
obtained. The plates are separated, usually by thin sheets 
of paper with a central aperture, as otherwise the plates 
would make good contact with each other and would act 
practically as a single slab. Such an arrangement is 
termed a pile of plates, and is frequently used for produc- 
ing plane polarised light. A side arm containing a pile 
of plates at the correct angle may be fitted to an optical 
lantern so that a beam of polarised light is produced. 

The polarising angle for ordinary glass is about 57*5®. 
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The value of the angle varies slightly with the wave-length 
of the incident light since refractive index depends on 
wave-length. 

The fact that the light so reflected is plane polarised may 
easily he verified. If the light refiected from a pile of 
plates is viewed through a tourmaline plate, then if the 
light is incident at the polarising angle, two positions occur 
for which no light is seen as the tourmaline is rotated 
through 360°. A single slab of black glass may be used 
instead of the pile of plates. Black glass is used so that no 
transmitted light, which is not completely polarised, can 
be seen. 

Instead of examining the reflected light by means of 
a tourmaline, a second black glass mirror may be used. 
Both mirrors are usually arranged so that they may he 
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rotated about horizontal axes which are at right angles. 
Thus the planes of incidence are at right angles. Con- 
sequently, if the light incident at 57|-° on the first mirror 
is reflected on to the second mirror at the same angle of 
incidence, there will be no resultant beam. This follows 
since the vibrations in the light falling on the second mirror 
are in the plane of incidence for this mirror, which only 
reflects vibrations perpendicular to its plane of incidence. 
The first mirror is usually called the polariser, and the 
second mirror the analyser. 

^ Double Refraction , — A large number of crystals, when 
illuminated, give rise to two distinct refracted beams. This 
phenomenon is called double refraction. It was first 
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noticed by Bartholinns, who in 1669 discovered that when 
a ray of Hght is refracted by a crystal of calcite, or Iceland 
spar, two refracted rays are formed. If a point source of 
light is observed through a crystal of calcite, two images are 
seen, and if the crystal is rotated about the line joining 
the source of light and the eye, one of the images remains 
stationary while the other moves round with the crystal. 
The stationary image is called the ordinary image, while 
the other one is the extraordinary image. The two 
refracted rays are called the ordinary ray and the extra- 
ordinary ray respectively. 

Both refracted rays are plane polarised, and their planes 
of polarisation are at right angles to each other. This 
may be seen by viewing the images through a tourmaline 
plate. As the calcite crystal is rotated a position is 
found for which the ordinary image is at its brightest. 
Tor the same position no extraordinary image is visible. 
When the calcite is further rotated the brightness of the 
ordinary image decreases, while the extraordinary image 
reappears. When the angle turned through from the 
jfirst position is one right angle the ordinary image dis- 
appears, while the brightness of the extraordinary image 
reaches a maximum^ 

If a beam of light, plane polarised by reflection at a 
pile of plates, is passed through the crystal of calcite 
(without the tourmaline) the changes in brightness of the 
images may be shown on a screen. The actual planes of 
polarisation can also be found, since reflected light is 
always polarised in the plane of incidence. XT^e^prdinary 
ray is polarised in the principal plane of th^"' cj^fetal, the 
extraordinary ray being polarised in a • pja®^at' right 
angles. The principal plane is the plane which is perr 
pendicular to the refracting surfaces and contains the opt:^e 
axis of the crystal, this axis being parallel to the linb 
through either of the two blunt corners making equal 
angles with the three edges there. 

The crystal is usually in the form of a rhomb ohedron, 
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the six sides of which are similar parallelograms with obttise 
angles of 102°. 

XXt was shown by Malus that the intensity of the incident 
ray equalled the sum of the intensities of the refracted 
rays^ Suppose that the incident light is polarised in a 
plane which makes an angle 6 with the principal plane of 
the crystal. Then the amplitude of the ordinary ray is 
a cos 9, while that of the extraordinary ray is a sin 9, 
where a is the amplitude of the incident ray. Since 
intensity is proportional to the square of the amplitude, 
we have 

cos^ 9 

for the ordinary ray, and 

I, = a2sin2^ 
for the extraordinary ray. Thus 

= a2(sin^ 9 + cos^ 6 ) 

= intensity of incident ray. 

Propagation of Light in Crystals . — In all cases of double 
refraction it is found that the ordinary ray obeys the laws 
of refraction, while the extraordinary ray disobeys these 

sine i 

laws. For the latter ray is not a constant. If the 

siner 

incident light is in a direction parallel to the optic axis no 
double refraction occurs, and the emergent beam is un- 
polarised. Crystals which have only one optic axis are 
called uniaxal {e.g. calcite)!^ Brewster discovered another 
set of crystals which have two optic axes and which are 
called biaxal {e.g. selenite). |The propagation of light in 
uniaxal crystals was jfirst examined by Huygens, who 
found that while the ordinary wave front from a point 
source S in such a crystal is spherical, the wave front of 
the extraordinary light is an ellipsoid. Two cases arise — 
first when the diameter of the sphere equals the minor 
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axis of the ellipsoid, and second when the diameter of 
the sphere equals the major axis of the ellipsoid. The 
former are called negative crystals and the latter positiye 



Negative Crystal Eia. 184. Positive Crystal 

crystals. It is thus seen that for any crystal the velocities 
of the ordinary and extraordinary rays are different, while 
the extraordinary rays travel with different velocities in 
different directions. For the negative crystals, of which 
calcite is an example, the velocity of the extraordinary ray 
is greater than that of the ordinary ray, so that 
where and are the refractive indices. It is obvious 
that ixe is a constant, but in general the refractive index 
for the extraordinary ray is measured when that ray is 
at right angles to the optic axis. In the diagrams AB is 
the optic axis (the direction along which the rays have 

equal velocities) and — Thus in positive crystals, 

/Xe AJ3 

such as quartz, /Xg > /Xo, and the ordinary ray has a greater 
velocity than the extraordinary ray. 

yjCd'he Nicol Prism . — One of the most common methods of 
producing plane polarised light is to pass light through a 
Nicol prism. This prism is made from a crystal of calcite , 
the edges of the ends being made equal and about om- 
third of the length of the crystal. The crystal is cut into 
two by a plane passing through the blunt corners C and G 
and parallel to the longer diagonals BD and FH of the ends 
(fig. 185). The two halves are then joined together again 
by a thin layer of Canada balsam. The refractive index of 
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Canada balsam is 1*54, i^rhile for the ordinary and extra- 
ordinary rays the refractive indices are 1*66 and 1*49. 
These rays strike the balsam at such an angle that the 


D H 



8 F Fig. 185. 


ordinary ray is reflected while the extraordinary ray passes 
through. So the ISTicol prism (or the Nicol, as it is often 
called) produces plane polarised light, the plane of polarisa- 
tion being at right angles to the principal plane of the 
crystal. 

Nicol prisms are frequently used for producing and for 
detecting plane polarised light. The prism which produces 
the polarisation is called the polariser, and the one used 
for detection is termed the analyser. 

A tourmaline crystal is doubly refracting, but the ordinary 
ray is very weak and is usually absorbed before it passes out 
of the crystal . The tourmaline thus produces plane polarised 
light, since only the extraordinary ray is transmitted. 

Elliptically and Circularly Polarised Light . in 
general, the ordinary and extraordinary rays travel with 
different velocities, a phase difference is produ^d between 
these rays when they pass through a crystalj Consider 
plane polarised light falling on a plate of a doubly refracting 
crystal cut with opposite faces parallel. Let the direction 
of the vibrations in the incident beam be along OP and 
Y let the vibrations of the ordinary 

and extraordinary rays after emer- 
gence be OX and OY. Let the 
^ amplitude of the incident light be 

A. Then the amplitudes of the 

O Fig. 186 . X ordinary and extraordinary beams 

are A cos 6 and A sin 6 respectively, where ^=POX. 

In passing through the crystal, suppose - that a phase 
difference € is introduced owing to the difference of the 
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and dark bands are seen in tke field of view. Tke positions 
of darkness occur when € = 27^^^, where ^ is a whole 
number, while at the positions of brightness, € = (2^ — 1 ) 77 . 



The directions of vibration are indicated in the diagram, 
where it is assumed that the initial vibrations make an 
angle of 45° with the edge of the wedge. If the Mcols 
are crossed, the analyser only receives vibrations which 
are at right angles to those at A, so that A is a position of 
darkness, while at B there is brightness. Between thes^J 
points the Hght is elliptically or circularly polarised as 
shown. Thus the intensity of light received gradually 
varies from a maximum at B to zero at A. 

When the ISTicols are parallel the analyser only receives 
vibrations parallel to those at A, so that in this case there 
is brightness at A, and darkness at B. 

In the equation ^ — it will be noticed that € 

A 

is inversely proportional to A. This means that the shorter 
the wave-length of the monochromatic light used the 
closer together are the bands. Further, e depends on the 
difference (fio-H'e), which also depends on wave-length. 
In general this variation of with wave-length is 

small. If white light is the illuminant the bright and 
dark bands which would be formed for each separate 
wave-length overlap, just as they do in experiments on 
interference with unpolarised hght. Consequently, colours 
are observed through the analysing Mcol, the colour at 
any point depending on the thickness of the wedge at 
that point. If the Nicols are initially parallel, and then 
one is rotated through 90°, the colour at any particular 
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point changes to its complementary. The reason for this 
is that in the first case only certain component vibrations 
were received by the analysing Mcol, while on rotating 
this Mcol through 90® these vibrations are cnt ont, and 
those previously not received are now transmitted. 

Instead of using quartz, mica may be employed. Strictly, 
this is a biaxal crystal, hut it closely resembles uniaxal 
crystals and may be considered as such. If a sheet of mica 
is placed between Mcols — either parallel or crossed — some 
colour is observed when the incident light is white. If a 
second sheet of mica is added to the first the colour is 
changed since the phase difierence between the ordinary 
and extraordinary rays is altered. Cellophane may also 
be used for such experiments. For different thicknesses 
different colours are seen, and in all cases the comple- 
mentaries are observed when the Mcols are changed from 
thp^arallel to the crossed position. 

w Detection of Plane, ElUptically and Circularly Polarised 
Light. — ^If plane polarised light is incident on a black glass 
mirror arranged so that the angle of incidence is 57*5®, 
then as the mirror is rotated about an axis parallel to the 
direction of the incident light, there are two positions 
in each rotation for which there is no resultant light. f* If 
plane polarised light is passed through a Mcol or a plate 
of tourmaline, then as the Mcol or tourmaline is rotated, 
extinction of the light occurs twice per revolution. Plane 
polarised light may also be detected by passing it through 
a crystal of calcite or other doubly refracting material. 
As the crystal is rotated, first one image gradually dis- 
appears, and for a further rotation this image reappears 
while the intensity of the other decreases. 

When elliptically polarised light is viewed through a 
Mcol the intensity varies but is never zero. In this, 
elliptically polarised light resembles partly polarised light. 
If the light is passed through a quarter-wave plate the 
axis of which is parallel to either of the component 
vibrations of the elliptically polarised light, then an 
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additional phase change of 7r/2 is introduced. Thus the 
total phase difference between the components is now 
either 0 or tt, so that the light is now plane polarised. 
This may be detected as mentioned in the previous 
paragraph, and so elliptically polarised light may be dis- 
tinguished from partially plane polarised light, which does 
not become plane polarised when passed through a quarter- 
wave plate. 

Circularly polarised light may be detected in a similar 
manner. When viewed through a Nicol no change in 
intensity is produced as the Nicol is rotated, so that 
circularly polarised light gives the same effect as un- 
polarised light. On passing the light through a quarter- 
wave plate, the total phase difference between the two 
vibrations composing the circularly polarised light becomes 
either 0 or tt, showing that plane polarised light is pro- 
duced. If unpolarised light is passed through a quarter- 
wave plate it becomes elliptically polarised in general, and 
so may be distinguished from the circularly polarised light. 

notation of the Plane of Polarisation . — It is found that 
certain substances rotate the plane of polarisation of light 
which passes through them. If two Nicols are crossed no 
light passes through. But if a solution of sugar is now 
placed between the Nicols, still crossed, it is found that 
some light is transmitted- Darkness may be restored 
by rotating either of the Nicols through some angle. This 
angle is directly proportional to the concentration of the 
solution and to the length of path through the solution. 
It also depends on the wave-length of the light and on 
the temperature. A substance which rotates the plane 
of polarisation is termed ‘‘'optically active.’’ Some sub- 
stances rotate the plane in a clockwise direction, and 
others rotate it in the opposite direction to an observer 
looking towards the source of hght. The former are called 
right-handed and the latter left-handed crystals. 

( The snecifie rot atinn nf i\r\ optically active substance is 
defined as the rotation produced when the light passes 
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throTigli a length of one decimetre of the solution, which 
contains 'one grm. of the substance in each cubic centi- 
metre. 

Instruments for measuring the optic rotation produced 
by a substance are called ^olarimeters or saccharimeters. 
They consist essentially of two ISTicols which may be 
rotated about a common axis. The substance is placed 
between these Nicols. Since it is difficult to tell accurately 
the position for perfect darkness, a device is usually in- 
cluded so that the field of view is divided into two halves 
which can be adjusted to equal brightness. Parallel light 
is used and the emergent light is viewed through a tele- 
scope. One of the devices used for securing two equally 



illuminated halves of the field of view is the Laurent half- 
shade plate, which is placed immediately behind the 
polariser. A semicircular plate of quartz ABC is cut so 
that the optic axis is parallel to the diameter AC. The 
thickness of this plate is such that a phase difierence of tt 


is introduced between the ordinary and extraordinary rays. 



A semicircular plate of glass 
ADC is joined on to this quartz 
plate, the thicknesses of the two 
plates being such that equal 
quantities of light are trans- 
mitted. Suppose that the direc- 
tion of vibration of the light 
transmitted by the polariser is 
along OP- This is equivalent 
to two vibrations, one along OA 
and the other along OD, at right 


angles to OA. The phase difierence of tt introduced by 


the quartz causes the vibrations to be along OA and OB. 
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The resultant vibration in the quartz is thus along OQ, 
where P0A = Q0A, while the vibration in the glass is 
along OP. Hence in general the two halves o£ the field 
of view" are unequally illuminated. When the analyser is 
turned so that the vibrations it transmits are along OA, 
the two halves appear equally bright. A slight rotation 
from this position is easily detected. The Laurent plate 
can only be used for one wave-length, for which the phase 
difference of tt is introduced between the ordinary and 
extraordinary rays.*^ 

A biquartz is sometimes used instead of the Laurent 
half-plate. Some types of quartz rotate the plane of 
polarisation in a clockwise direction, while others rotate 
it to the same extent in the opposite direction — ^for equal 
thicknesses of quartz. A biquartz consists of two semi- 
circular pieces of quartz, one left-handed and the other 
right-handed, cut so that their faces are at right angles 
to the axis. These two pieces of quartz are joined together, 
forming a circular plate, which is placed just behind the 
polarising Mcol. The two halves of the field of view then 
appear unequally coloured if white light is used, or un- 
equally illuminated if the light is monochromatic, unless 
the analysing Nicol is in the correct position. The 
quartz plates are cut of such a thickness that a slight 
rotation of the analyser turns one half red and the other 
blue, if white light is used. 

By use of these devices it is possible to adjust the 
analyser to the correct position with great accuracy. This 
is of importance, especially with regard to sugar, since it is 
often necessary in medicine to know accurately the amount 
of sugar contained in a liquid. The saccharimeter is 
recognised as one of the best instruments for the estimation 
of sugars. 

In determining the optical rotation of a substance, 
the position of the analyser for uniform illumination of 
the field of view is read off when there is only a tube of the 
pure solvent between the Nicols. A known mass of the 
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81113 stance is then dissolved in the solvent and the total 
volume found. When this is placed between the Nicols 
the analyser is turned until uniform illumination is re- 
gained in the field of view. The experiment is carried 
out several times with different lengths and different con- 
centrations, and a mean value for the specific rotation (5) 
found from 

e 

where 0= angle through which the analyser is turned, 
length of path through the liquid in decimetres and 
c is the concentration in grams per cubic centimetre of 
solution. 

Sometimes the molecular rotation of a substance is 
desired. This is found by multiplying the specific rotation 
by the molecular weight of the substance. 

Since the specific rotation of a substance is dependent 
on the temperature of the substance and on the wave- 
length of the light, it is necessary to state both these 
factors in any determination of specific rotation. 

Magneto-optical Effects. — ^In 1845 Faraday, who was 
searching for relationships between magnetism and light, 
discovered that when plane polarised hght is passed 
through a piece of “heavy glass” (borosilicate of lead), 
placed between the poles of a powerful magnet so that the 
hght travels along the magnetic lines of force, the plane of 
polarisation is rotated. The effect appears to be similar 
to the natural rotatory effect of a substance such as quartz, 
but there is a difference between these two as may be seen 
if the light is reflected back so that it traverses the system 
again. With quartz the plane of polarisation is rotated 
back to the original, but in the Faraday effect the reflected 
light travels along the fines of force in the opposite direction 
to the previous one, with the result that the rotation of the 
plane of polarisation is doubled. 

Some years later, 1896, Zeeman found an effect for which 
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Faraday had searched in vain. A sodium flame placed, 
between the poles of an electromagnet was found n'ot to 
give just the two D lines, but groups of lines. ^Further, it 
was found that these components were polarised, and also 
that the eflect was not the same when the direction of the 
light was along the lines of force as when the light travelled 
at right angles to these lines. 

A further effect was discovered in 1876 by Kerr, who 
found that plane polarised light when reflected from a pole 
of an electromagnet became elliptically polarised. 

Kerr also found that some transparent substances 
become doubly refracting when placed in a strong electric 
field. The difierence between the two refractive indices 
(the ordinary and the extraordinary) is found to depend on 
the square of the electric intensity. 

"Use is made of this last effect in television. At the 
receiving station the var 3 dng electric current received is 
amplified and then arranged to form an electric field in 
which a Kerr cell, containing nitrobenzene, is placed. On 
each side of the cell is a Kicol, and a beam of light is passed 
first through the polariser, then the cell, finally emerging 
through the analyser. As the field varies so the refractive 
index of the nitrobenzene changes, and the intensity of the 
light passing through the analyser is altered just as the 
light from the difierent parts of the object alters. 

Polarised Light and the Photo-electric Effect. — The 
emission of electrons from certain metals when illuminated 
has already been dealt with, and it has been remarked that 
the electron emission from the metal is chiefly due to the 
ultra-violet rays. But in a few cases — ^for the alkali metals 
— ^the photo-electric effect results when light from the 
visible part of the spectrum alone falls on the metal. It has 
been found that the magnitude of the effect, for the alkali 
metals only, depends on the condition of the incident light. 
If this light is plane polarised in the plane of incidence then 
the emission of electrons is small and increases regularly as 
the wave-length decreases. When, however, the light is 
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polarised at right angles to the plane of incidence the 
photo-electric current increases rapidly as we pass from 
the red end of the spectrum towards the violet. A maxi- 
mum is reached for wave-lengths near to the middle of the 
spectrum, and then for shorter wave-lengths the current 
decreases quickly. The value of the maximum current is 
greater the larger the angle of incidence. The wave- 
length at which the photo-electric current reaches its 
peak value varies with the metal. 

Photo -elasticity . — It is found that ordinary glass becomes 
doubly refracting when strained. If a slab of glass is 
placed in a polarimeter and the Nicols are crossed, then 
the field is dark. As soon as a strain is applied to the glass, 
by compressing it, the field is no longer dark, thus showing 
that the glass in its strained condition is doubly refracting. 
With the removal of the strain the double refraction 
disappears. 

This property of glass is made us© of in testing the con- 
dition of glass for us© in optical instruments. One of the 
great difiioulties in manufacturing lenses is the unequal 
cooling of different parts of the lenses, thereby causing 
strains in the glass. Such strains may be immediately 
detected by placing the lens in a simple polarimeter with 
crossed Nicols. If the field is not dark then the glass is 
strained. 

A further application is the measurement of strains in 
buildings. A model of the building is made in xylonite. 
This substance is a form of celluloid, and has a small 
elasticity so that it is easily strained. When strained it 
becomes doubly refracting in the same manner as glass. 
Instead of celluloid, bakelite and phenolite are often 
used. These resins have an advantage over celluloid in 
that the strain vanishes as soon as the stress is removed. 
With celluloid a permanent strain is frequently incurred. 
White light is plane polarised by passage through a Nicol, 
and this polarised light passes through the model to a 
second Nicol so arranged that the Nicols are crossed. 
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Absence of strain in any part of the model is indicated by 
darkness in the field of view. But where the model is 
strained the field is coloured, and by observation of the 
colour the degree of strain may be found. 
s)^olaroid , — This polarising material which has recently 
been introduced has certain advantages over the Nicol 
for producing and detecting polarised light. It consists 
of a film of cellulose on which extremely tiny doubly 
refracting crystals are deposited. These crystals are 
orientated so that they are all parallel to each other and 
the film then acts as one large crystal. The crystals are 
microscopic and are deposited uniformly at about 10^^ to the 
square inch. The material then acts in the same manner 
as a Nicol in that it transmits vibrations in one plane only. 

The great advantage of polaroid is that it can be manu- 
factured in unlimited sizes and that it polarises by direct 
transmission. Thus a disc of polaroid may be placed in 
front of a projecting lantern and a beam of plane polarised 
light produced. 

There are many possibilities with this new material in 
commerce. Spectacles made of polaroid suitably orien- 
tated can be used in order to cut off or reduce the glare 
produced by light reflected from polished surfaces. It is 
only necessary to arrange that the vibrations of the light 
which is polarised by reflection shall not be transmitted by 
the Polaroid. This elimination of glare is particularly 
desirable in photography where reflections may obscure 
details in the photograph. 

Another application is the production of stereoscopic 
effects in pictures and films. Two photographs of the 
object are taken by means of a stereoscopic camera. These 
are then projected on to a screen so as to overlap. In front 
of each projector is a polarising sheet, the polarising axes of 
the sheets being mutually at right angles. The images 
are viewed through spectacles containing polaroid glasses 
suitably set so that one picture only is seen by each eye. 
A stereoscopic effect is thus obtained. 
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A further suggested use for polaroid is the elimination 
of dazzle from motor-car headlamps. It can easily be seen 
that if each lamp is set to project a beam of plane polarised 
light, this light is cut off when viewed through a sheet of 
Polaroid, correctly placed, although the car itself remains 
visible. 


EXAMPLES ON CHAPTER XVI 

1* Describe how yon would produce a beam of plane polarised . 
light, and how you would exhibit its characteristic properties. Give . 
your interpretation of the phenomena you describe. 

(Lond. Inter.) 

2 . Describe the experiments by which you would illustrate what 

is meant by (1) plane polarised light, (2) circularly polarised light 
and (8). rotation of the plan© of polarisation. (Lond. Inter.) 

3. Describe the production and detection of plan© polarised and 
©lliptically polarised light. 

4 . What is meant by polarisation of light ? Indicate briefly the 
principal methods of producing plane polarised light, and describe 
how you would show experimentally that the light is polarised. 

(Lond. H.S.C.) 

6, Distinguish between polarised light and natural light. Describe 
two methods of producing plane polarised light. How would you 
test whether light is plan© polarised or not ? (Lond. H.S.C.) 

6. Writ© a short essay on the polarisation of light. 

(Camb. Schol.) 

7. Describe a method of producing a beam of plan© polarised 

light. How would you distinguish between a beam of plane 
polarised light and a beam of unpolarised light ? Is there any 
other possibility ? (Camb. Schol.) 

8. WThat is the experimental evidence for the theory that light 

is propagated in transverse waves ? (O. & C.) 

9. Calculate the thickness of a quarter-wav© plate of quartz for 
light of wave-length 4861 A.D., for which the refractive indices 
are 1-6690 and 1-5497. 

10 . Describe the polarimeter. 

A sugar solution is placed in a tube 20 cm. long, which is then 
placed between the crossed nicols of a polarimeter which is illuminated 
by sodium light. The optical rotation caused by the solution is 10°. 
If the specific rotation is 67°, find the strength of the sugar solution- 



ANSWERS TO EXAMPLES 


I {page 16) 

3. 26'7cm. 0*66. 

5. 6 Vs and 5 foot-candles. 0*35 ft, and 1*46 ft. 

7. 0*19. 8.- 70*4 : 1, 

L8. if* 14- (a) 1*25 foot-candles. 


4. 81*6 per cent. 
6. 16,000 lux, 

10. 1:0*94. 4:9. 
(6) 0*21 foot-candles. 


II (page 41) 

3. 18 cm. 5. 1*414. 

7. 1*64 cm. 10. 1*6. 

13. 1*414. 14. 1*60. 


6. 1-33. 

12. sin-^d). 


III (page 76) 

1. 4*17 cm. 26 cm. 4. 62*5 cm. 

6 . (a) 7*6 cm. in front of lens, (6) 15 cm. beliind lens. 

7. , (1) Itt in., (2) if in. from lens. 

8. 6*8 cm. in front of lens. Real, inverted, diminished. 

9 . 1*6 cm., 100 cm. 10 . 10 cm. from lens. 

11. Convex of focal length 9*6 in., 1 ft. from object, 

18. (a) 10 cm. behind lens; 1 cm. (6) 3*33 cm. in front of lens; 0*33 cm. 
14. 24*2 cm. 16. 46*9 cm. 17. 6*7 cm. from mirror. 3 : 1. 

18. 33*33 cm. from lens. |. 19. 7*5 cm. 

80. (a) At infinity, (b) 25 cm. from convex lens. 

82. 17*5 cm. in front of lens. 0*25. 83. 30 cm. 

24. 9*02 from convex lens. 26. 12*9 cm. 12 cm. 26. 5 cm. 

27. Between <» and 2/, between 3//2 and first lens. 

28. 1*33. 29. 15 cm. 1*6. 

30. (A) -/(/-fa)/(2/ -fa) beyond each lens. 

CB) and (C)/(/~a)/(2/ -a) beyond each lens. 

31. 20*625 cm. 

IV (page 94) 

10. 24*0 cm. for flint (concave), 13*34 cm. for crown glass (convex). 

11, 37*5 cm. for glass A (convergent), 60 cm. for glass B (divergent). 

V (page 104) 

2. Between lenses and 1 cm. from one lens. 1 cm. beyond other lens. 

3. 20 cm. beyond concave, 41*6 cm. beyond convex, lens. 

4. 5*55 cm. 5. 20 cm., 21*33 cm,, 22*86 cm. 

7. Principal and nodal points at centre. Bocal points 4*5 cm. from centre. 

8. 14*91 cm. beyond lens. 
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VI {page 111) ) 

1. 5-28 cm. (convex). 2. Concave lenses o£ power -1 dioptre, 8*7 cm. 

8. 3-75 cm. 4. 4. 2*6 in. from eye. I 

5. Concave. - 10*42 dioptres. 6. 1*5 dioptres. 7. 85*71 cin. 


VII {page 132) 

1, 4 cm. from lens, 6. 2. 9*33. 

6. 1*07 cm. from objective, -89. 

7. 2*42 cih: 10. 36*33 : 1. 

16. 30'. 18. 2. ' 19. 4-48. 


6 . 20 . 

15. 1-28 ft. 2-6. 

23. 3 times as lar$e. 


VIII {page 146) 


5 . 22 ° 12 '. 
9. 52*4°. 


6. 60° 31', 64° 49'. 
11. sm-^( - 1). 


18. 26*86°, 6*62°. 16. 22*37°. 

18. (a) 49° 15', (6) 1° 31', (c) 2-64 cm. 

20. 3*98°, 0*035°. 21. 3°, 1*143°. 


8. 12 minutei.t 
12. 1*654, 1*646. 

17. 2siir-i^. 


IX {page 164) 

8. 34*81 km. per sec. towards earth. 

XII {page 200) 


6 . 2600 revs, per min. 

5. *045 cm.”*. 


XIII {page 216) 


XIV {page 237) 

5. 3-47 X 10-» cm. 

12. 6890 A.U. 

XV (jjoflre 259) 


8. 3 X 10*® cm. per sec. 

7. Increased to 61*94 

7. 69*95 cm., 6700 A.U. 
13. 0*0147 cm. 


4. 5889 and 5896 A.U. 

8. 3*168 metres. 

9. 1*31 X 10-3 cm. 


6. A = 1 /mn. Rotation = 7° 4|'. 
11. 2*39 cm. 

XVI {page 279) 

10. 7*46 grm. per 100 c.c. of solution. 
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Abbe, 144, 255. 

Aberration, cbromatic, 89^-93. 
of light, 192. 
spherical, 82-89. 

Absorption spectra, 156, 168. 
Accommodation, 107, 108. 
Achromatic combinations, of lenses, 
92, 93. 

of prisms, 143. 
fringes, 226. 

Amplitude, 204, 205. 

Amyl acetate lamp, 5. ^ 

Anastigmatic lens, 132. 

^gle of minimum deviation, 140. 

of prism, 138, 144. 

Angstrom, 165. 

Angular velocities of sm and 
planets, 162. 

Anterior chamber, 106. 

Aplanatic surface, 87. 

. Aqueous humour, 106. 

Astigmatic lens, 88, 109. 
Astigmatism, 109. 

Astronomical telescope, 116. 

Atomic structure, 162. 

Auto -collimating spectrometer, 144. 

Bacon, 116. 

Bakelite, 278. 

Bahner, 163. 

Balmer’s series, 157, 164. 

Band spectrum, 157. 

Bartholinus, 265. 

Beam, 1. 

3eats, 220. 

Becquerel, 169. 

Biaxal crystals, 266. 

Bifocal lens, 109. 

Binaries, spectroscopic, 160. 
Binocular microscope, 126. 

vision, 110. 

Biprism, 223. 

Biquartz, 275. 

Blind spot, 107. 

Blue of sky, 258. 


Bohr, 162, 163, 164. 

Bolometer, 171. , 

Boys, 73, 171. 

Bradley, 192. 

Bragg, W. H., and W. L., 177. 
Brewster, 262, 266. 

Brewster’s law, 262. 

Broadening of spectral lines, 162. 
Brodhun photometer, 9. 

Bimsen, 154, 156. 

Bunsen’s grease-spot photometer, 7* 

Calcite, 265, 266, 267. 

Camera, photographic, 87, 130. 

pinhole, 1, 

Canada balsam, 267. 

Candle, standard, 5. 

-power, 11. 
mean horizontal, 11. 
mean spherical, 11. 

Cardinal points of lens system, 99, 
104. 

Cassegrain, 121. 

Cauchy’s formula, 252. 

Caustic, 32, 82, 85. 

Cellophane, 272. 

CeUuloid, 278. 

Centre of curvature, 46. 

Climatic aberration, 89, 114. 
Chromosphere, 155. 

Ciliary muscle, 106, 108. 
Cinematograph, 129. 

Circular aperture, diffraction at, 
240. 

Circular motion, 204. 

Circularly polarised light, 268, 272. 
Circle of least confusion, 83-85, 89. 
Collimator, 136, 

Colorimeter, 15. 

Colour, 184-190. 
blindness, 189. 
mixing, 185. 
of sky, 258. 
triangle, 184. 
vision, 188. 
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Colours, complementary, 188. 

of liquid films, 229. 
Complemontary colours, 188. 
Composition of sun, 154. 

Compton effect, 216. 

Condenser, lantern, 88. 

Conditions for interference, 220. 
Conjugate foci, 66. 

Continuous absorption, 158. 

spectrum, 166. 

Cornea, 106. 

Cornu, 195. 

prism, 166. 

Coronse, 257. 

Corpuscular theory, 202. 

Cosmic rays, 177. 

Critical angle, 33, 39. 

Crookes, 172. 

Crossed prisms, 151. 

Crystalline lens, 106. 

Crystals, positive and negative, 267. 
propagation of light in, 266. 
refractive index of, 41. 
uniaxal and biaxal, 266. 
Curvature of image, 85, 86. 

Daltonism, 190. 

Degradation of light, 167. 
Deviation, angle of minimum, 140. 

method for lenses, 63, 67, 69. 
Diffraction, 239. 

at circular obstacle, 240. 
at slit, 242, 244. 
at straight edge, 242. 
grating, 226, 245. 

dispersive power of, 254. 
resolving power of, 252. 
Dioptre, 110. 

Direct vision spectroscope, 142. 
Discharge tube, 174. 

Dispersion, 214. 

Dispersive power, 90. 
of grating, 254. 
of prism, 146. 

Distortion of image, 85, 86. 
Distribution of energy in spectrum, 
173. 

Doppler effect, 158-162. 

Double refraction, 264. 

Double stars, 160. 

Echelon grating, 235, 253. 

Eclipse of sun, 3. 

Efficiency of a lamp, 12. 
Electromagnetic waves, 178' 


Electron, 162. 

Ellipsoidal mirror, 87. 

Elliptically polarised light, 268, 272. 
Emission spectra, 166, 102. 

Energy distribution in spectrum, 
173. 

Epidiascope, 129. 

Episcopo, 129. 

Equivalent Ions, 68, 132. 

Erecting lens, 119. 

prism, 35. 

Ether, 203. 

Extraordinary ray, 205. 

Eye, 106. 

Eye-piocos, 114, 115. 

Far point, 107. 

Faraday effect, 276. 

Field glasses, 122. 

Field lens, 116. 

Fizoau, 193, 195. 

Fleming, 6. 

Flicker photometer, 10. 
Fluorescence, 167. 

Fluorite, 166. 

Fluted spectnim, 166, 157. 

Focal length, 46, 57. 

Focal lengths of mirrors, 71-74. 
of thick lenscK, 100 104. 
of thin lenses, 74— 76x>. 

Focal lines, 83, 86. 

Foci, conjtigato, 06. 

Focus, 46, 66. 

Foot-candle, 11- 
Forbes, 195. 

Foucault, 15.3, 195, 198^ 211. 

Fovea centralis, 107. 

Fraunhofer, 152, 153. 

lines, 162. 155, 167. 

Frequency, 204. 

Fresnel, 207, 239. 

Fresnors bi prism, 223. 
mirrors, 222. 
zones, 207, 218. 

Friedrich, 177. 

Galileo’s telescope, 119. 

General absorption, 158. 

Graphical construction for lenses, 60. 

for mirrors, 49. 

Grating, diffraction, 246, 262. 

echelon, 236, 263. 

Grease-spot photometer, 7. 

Gregory, 121. 
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Half -period zones, 207. 

Half-shade plate, 274. 

Halos, 257. 

Harcourt lamp, 5. 

Harmonio motion, 204. 

Hefner lamp, 5. 

Helmholtz, 188. 

Herschel, 121, 171. 

Hertz, 178. 

Hooke, 229. 

Huggins, 160. 

Huygens, 115, 203, 205, 266. 
Huygens’ eyepiece, 115. 

Hydrogen atom, 163. 
Hypermetropia, 108. 

Iceland spar, 166, 265. 

Illuminating power, 3. 

Illumination, intensity of, 4. 

oblique, 4. 

Image, 20. 
real, 21. 
virtual, 21. 

Images, multiple, 23-26. 

Index of refraction, 27. 

determination of, 32, 36-41, 
76a-b, 139, 233, 235. 
Infra-red rays, 170-173, 175. 
Intensity and amplitude, 205. 

of illumination, 4. 

Interference, 218. 
conditions for, 220. 
in thin films, 227. 
with polarised light, 271. 
Interferometer, Jamin’s, 234. 

Michelson’s, 233. 

Internal reflection, 32. 

Inverse square law, 4. 

Iris, 106. 

Jamin’s interferometer, 234. 

Jena glass, 132. 

Joly’s photometer, 8. 

Kaleidoscope, 26. 

Kerr effects, 277. 

Khchofl, 153, 154, 156. 

Knipping, 177. 

Lamps, 174. 

Langley, 171. 

Lantern, optical, 128. 

Lantern condenser, 88. 

Lateral displacement, 37. 
inversion, 22. 


Laue, 177. 

Laurent half -shade plate, 274. 

Lens, crystalline, 106. 

focal length of, 74— 76i>, 100—104. 
system, 67. 
theory of, 56—66, 213. 
thick, 96—99. 

Light, scattering of, 258. 
theories of, 202. 
velocity of, 191. 

Line spectrum, 157. 

Lloyd’s mirror, 225. 

Lumen, 11. 

Luminosity, 173. 

Lummer-Brodhun photometer, 9. 

Lux, 11. 

Lyman, 164. ^ 


Magneto -optical eflects, 276. 

Magnification methods of deter- 
mining focal lengths, 100, 
103. 

Magnification of lenses, 64. 
of magnifying glass, 113. 
of mirrors, 51. 
of refracting surfaces, 55. 

Magnifying glass, 113. 

power of microscope, 125, 126. 
of telescope, 117, 121, 123. 

Mains, 262, 266. 

Mean horizontal candle-power, 11. 
spherical candle-power, 11. 

Meniscus lens, 57, 109. 

Mercury vapour lamp, 175. 

Metre -candle, 11. 

MiSa, 272. 

MicMson, 122, 198, 235. 

Michelson’s interferometer, 233. 

Microscope, 124. 

magnifying power of, 126. 
resolving power of, 255. 

Millikan, 177. 

Minimum deviation of prism, 140. 

Minimum distance between object 
and image, 75, 102. 

Mirage, 36. 

Mirrors, ellipsoidal, 87, 
paraboloidal, 87. 
plane, 19-26. 
spherical, 45-52. 

Mirror telescopes, 120. 

Molecular rotation, 276. 

Multiple reflections, 23-26, 

Myopia, 107. 
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Near point, 107. 

Negative crystals, 267. 

Neon lamp, 175. 

Neutron, 163. 

Newton, 150, 151, 152, 156, 185, 
202, 203, 218. 

Newton’s formula for lenses, 102. 
Newton’s rings, 170, 229, 230. 
Newton’s telescope, 120. 

Nicol prism, 170, 267. 

Night glasses, 123. 

Nodal points, 98. 

Objective, oil immersion, 256. 
Objective of microscope, 125. 

of telescope, 116, 249. 

Opaque, 19. 

Ojjera glasses, 119, 122. 

Optic axis of crystal, 265. 
of lens, 56. 
of mirror, 46. 

Optical bench, -70. 

lantern, 128. 

Ordinary ray, 265. 

Panchromatic photographic plates, 
170. 

Paraboloidal mirror, 87- 
Parallax, 21, 71. 

Paschen, 164. 

Pencil, 1. 

Pentane lamp, 5. 

Penumbra, 3. 

Periscope, 123. 

Persistence of vision, 129. 

Phase, 204. 

change at reJlection, 228. 
Phenolite, 278. 

Phosphorescence, 168. 
Phosphoroscope, 169. 

Phot, 11. 

Photo -elasticity, 278, 

Photo-electric ejffect, 14, 15, 130, 
169, 170, 175, 215, 277, 
Photography and ultra-violet rays, 
167. 

infra-red rays, 170, 175. 
Photometry, 3-16. 

Photosphere, 155. 

Pigments, 184, 186. 

Pile of plates, 263. 

Pin-hole camera, 1. 

Planck’s constant, 163, 167, 216. 
Plane of incidence, 262. 
of polarisation, 261, 273. 


Platinum standard, 6. 

Polarimeter, 274. 

Polarisation by double refraction 
264. 

by reflection, 262. 

Polarised light, circularly, 268. 
detection of, 272. 
elliptically, 268. 
plane, 269. 

Polaroid, 279. 

Pole, 46. 

Positive crystals, 267. 

Posterior chamber, 106. 

Power of lens, 67, 109- 
Presbyopia, 108. 

Principal axis, 46. 

Principal plane of crystal, 265, 
of lens, 96. 

Prism, angle of, 138, 144. 
resolving power of, 251. 
totally reflecting, 34, 35. 

Prism glasses, 122. 

Prisms, crossed, 151. 

Proton, 162. 

Pupil, 106. 

Quantum theory, 163, 215. 

Quarter- wave plate, 270. 

Quartz, 166, 267. 
wedge, 270. 

Badiant ener^, 173, 

Badiometer, 172. 

Badiomicrometer, 171, 

Badium, y rays, 177. 

Badius of curvature, 46. 

Bainbows, 180-183. 

Bamsden’s eyepiece, 114. 

Bay, 1, 207. 

Bayleigh, 268. 

Beal image, 21. 

Bectilinear lens, 131. 

propagation, 1, 205. 

Beflection, change of phase, 228. 
total internal, 32. 

Beflection at plane surfaces, 19-26, 

202 , 210 . 

at spherical surfaces, 44-52, 212. 
Beflections, multiple, 23—26. 
Befraction, double, 264. 

Befraction at plane surfaces, 27-36, 

202 , 211 . 

at spherical surfaces, 53—56. 
in nature, 35. 

through a lens, 56-66, 213. 
through a plate, 37-39. 
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Refractive index, 27. 

measurement' of, 32, 36 — 41, 
76A-B, 139, 233, 235. 
Refractive index of crystals, 41. 
Resolving power, 249. 
of eye, 249. 
of grating, 236, 252. 

. of microscope, 255. 
of prism, 251. 
of telescope, 249, 250. 
Resonance, 154. 

Retina, 106. 

Reversal of D line, 154. 

Rock salt, 170. 

Romer, 191. 

Rontgen, 176. 

Rotation of plane mirror, 22. 

of plane of polarisation, 273. 
Rumford’s shadow photometer, 6. 
Rutherford, 177. 

Rydberg’s constant, 163. 


Sacoharimeter, 274. 

Saturn’s rings, 161. 

Scattering of light, 258. 
of X-rays, 216, 

Sclerotic, 106. 

Selective absorption, 158. 

Selenite, 266. 

Sextant, 23, 127. 

Shade, 187. 

Shadow photometer, 6. 

Shadows, 2. 

Sign convention, 45. 

Simple harmonic motion, 204. 

Sky, colour of, 258. 

Slit, diffraction at, 242, 244. 

Snell’s law, 27, 203, 211. 

Solar spectrum, 1.52. 

Specific rotation, 273. 

Spectacles, 107. 

Spectral lines, broadening of, 162. 
series, 157, 163. 

Spectrometer, 136. 
adjustments of, 137. 
auto -collimating, 144. 
direct vision, 142. 

Spectroscopic binaries, 160. 

Spectrum, 150. 
absorption, 158. 
emission, 156, 162. 
infra-red, 170-173. 
of stars, 156. 
pure, 151. 


Spectrum, solar, 152, 
ultra-violet, 166-170. 

Spherical aberration, methods of 
reducing, 87. 
of lens, 84. 
of mirror, 82. 

Spherical mirrors, 45-52, 71—74, 

212 . 

Spherical surfaces, 53-56. 
Spherometer, 76 d. 

Standard candle, 5. 

Stars, double, 160. 
motion of, 160. 
spectra, 166. 

Stereoscope, 110. 

Stokes, 167, 228. 

Stokes’s law, 167. 

Straight edge, difiEraction at, 242. 
Strain and double refraction, 278. 
Sun, composition of, 154. 

Swan spectrun, 157. 

Talking fil m , 130. 

Telephotographic camera, 132. 
Telescope, astronomical, 116. 
Galileo’s, 119. 

magnifying power of, 117, 121, 
123. 

Hewton’s, 120. 

resolving power of, 249, 256. 

terrestrial, 118. 

Television, 175, 277. 

Terrestrial telescope, 118. 
Thermopile, 171. • 

Thick lenses, 96. 

Tint, 187. 

Toric lens, 109. 

Total internal refiection, 32. 

Totally refiecting prisms, 34, 36. 
Tourmaline, 261, 268, 

Translucent, 19. 

Transmission factor, 13. 
Transparent, 19. 

Ultra-violet rays, 166-170, 175, 256. 
Umbra, 3. 

Uniaxal crystals, 266. 

Unit planes, 96. 

Velocity of light, 191. 

Violle standard, 6. 

Virtual image, 21. 

Virtual object, 73, 76o. 

Vision, binocular, 110. 
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Vision, colour, 188. 

Vita glass, 166. 

Vitreous humour, 106. 

Wave-length, 205. 
determination of, 224, 232, 247, 
256. 

Wave motion, 204. 

Wave surfaces in crystals, 266. 
Wave theory, 203-215. 

Wedge, optical, 230. 

quartz, 270. 

Wedge photometer, 8. 


Wheatstone bridge, 171. 
Wollaston, 152. 

X-rays, 176. 

scattering of, 216. 
Xylonite, 278. 

Young, J. (and Forbes), 195. 
Young, T., 218, 220, 229. 

Zeeman ejffect, 276. 

Zone plate, 240. 

Zones, Fresnel’s, 207. 




